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group, five subgroups, numerous grouplets, closely
related, mainly formed by crystal segregation in rapidly cooling melts
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WA present new data tor iren metcontes that are members of group IAB or are closely related to

this largg groupiand we have also reevatualed some ol our earlier data lor
(0 distinguish [AB and [TICD irons on the basis of their positions on element-Ni

new and revised data yiclds six seis of compact ficlds on eclement-Au

s
Geochimica et Cosmochimica Acta. Vol. 66, No. i7. pp. 000, 2002
Copyn_ ght © 2002 Elsevier Science Lad
Printed in the USA. All rights reserved

0016-7037/02 522.00 + .00

L uns wol-possible

~ T €he asT

these irons. Adthough-@het-ct-al—

The largest set includes the majority (~70) of
IAB main group. The remaining five scis we

designate ~subgroups” within the 1AB complex. Three of these subgroups have Au contcnts similar to the
main group. and form parallel trends on mast clement-Ni diagrams. The groups originally designated IIIC and
1ID are two of these subgroups: they arc now well resolved trom each other and from the main group. The
other low-Au subgroup has Ni contents just above the main group. Two other IAB subgroups have appreciably
higher Au conents than the main group and show weaker compositional links to it. We have named these five

subgroups on the hasis of their Au and Ni contents.
low-Au (1) subgroups. the (WO others the high-Au (H) subgroups. The Ni contents arc

designated high (H). medium (M1, or low (i.). Thus the old group I[ID is now the sLH subgroup. the oid group
HIC is the sI.M subgroup. [n addition. cight irons assigned to two grouplets plot between sl.L and sLM on
number (27) of related irons plot outside these compact ticlds but

main group arc the

a2 OK

most ciement-Au diagrams. A large

The three subgroups having Au contents similar to the

nonetheless appear o be sutlicicntly related to also be included in the IAB complex.

Many of these irons contain coarse silicaws having similar propertics.

Most arc roughly chondritic in

composition: the matic silicawes show evidence of reduction during metamorphism. [n cach case the silicate

O-isolopic composition is within the carbonaccous €

hondrite range (470 = —0.3%0). In all but four cases

these are within the so-called IAB range. —0.30 = Al70 = —(1.68%.. [ine silicalcs appear 10 be ubiquitous
in the main group and low-Au subgroups: this requires that viscosities in the parental melt rcached high values

helore buoyancy could scparate these.

The well-defined main-group rends on clement-Au diagrams provide constraints tor evaiuating possibie
models: we tind the evidence o he most consistent with a crystal scgregation model in which solid and meit

are essenually at cquibibrium.

The main arguments against the

main group having formed by tractional

crystallization arc: a) the smail range n {r. and b) the evidence tor rapid crystallization and a high cooling ratc
through the y-iron stability ficld. The evidence {or the latter are the small sizes of the y-iron crystals parcntal
10 the Widmanstiticn paticrn and the limited thermal effects recorded in the silicates (including retention of

- albitic plagiociase and abundant pnmordial rarc gases).

In contrast. crystal scgregation in a cooling metailic

melt (and related processes such as incomplete melting and melt migration) can producc the observed trends
in the main group. We inter that this melt was tormed by impact heating on a porous chondritic body. and that
the melt was initially hoter than the combined mix of silicates and metal in the local region: the meit cooled

rapidly by heat conduction into

the cooler surroundings (mainly silicates). We suggest that the close

compositional rclationships between the main group and the low-Au subgroups are the result of similar

processes instigated by independent impact
asteroid or on separate but compositionally

1. INTRODUCTION

There are tour large groups of iron meteorites. All research-
ers agree that three of these (IIAB. 1[IAB. and IVA) tormed by
ctticient fractional crystallization of a slowly cooling magma
(Haack and Scott. 1993: Wasson and Richardson. 2001). Such
large scts of irons that tformed by fracuonal crystallization arc
designated magmatc groups. There s disagreement regarding

* Author 0 whom correspondence  should be addressed
(j‘lwasson@ucludu).
" Also as; Department of Earth and Spacc Sciences and Department of

Chemistry and Biochemustry.

cvents that occurred either at separate locations on thc same
similar asteroids.

Copvright © 2002 Elsevier Science Ltd

the origin of LAB. the other large group. Some (Wasson et al.,
1980: Choi et al., 1995) concluded that it is a nonmagmatic
group formed as impact generated melts with only minor solid/
liquid parutioning etfects superposed. Others (Kracher. 1982,
1985: McCoy et al.. 1993 Benedix et al.. 2000) endorsed
models involving the fractionai crystallization of magmas.
Kelly and Larimer (1977) envisioned IAB irons to be succes-
sive extractions of partial melts from a chondritic source.
Wasson (1999) and Wasson and Richardson (2001) called
attention to the advantages both for taxonomy and for cosmo-
chemicat modeling of plotting data for the magmatic groups on
element-Au diagrams, as compared to the traditional ele---
ment-Ni diagrams. The chief advantage for those groups is that
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the total Au range is much larger. but the relative uncenamniies
(including sampling ctfects) arc as low or lower than those tor
Ni. As a resuil. trends in the magmatic groups are much better
defined on clement-Au than on clement-Ni diagrams. In this
paper we show that trends involving nonmagmatic eroup (AB
and similar irons are also beter resolved on clement-Au dia-
grams cven though the degree of Au fracuonation s smal
compared to that observed in the magmauc groups. Our new
data sct shows that there are several closcly refated groups
within what we now call the IAB complex.

2. ANALYTICAL TECHNIQUEFS. SAMPLES. AND
RESULTS

We determined 13 ciements (12 plus berm metal by imstrumental
neutron-activation analysis (INAA) rephicate anaivses. Jatd jor be
were used tor intemal normalization, The procedures are those given by
Wasson et al, 1 1989) CXCEpt 10 Iwe minor changes {he mean sample
thickness s now 1.0 instead ol 12 mm. and we now apply smail
(generally i the range 095 to 1.08) sample-spectiic corection ta
make the Ni values in the first count agree better with those trom the
hird and tourth counts (which are corrected o make ¢ = Nv = 9u0
mg/g). We then choose @ correction factor lor the weeond count that s
intermediate between that tor the first and the muan coreeuons in the
Lhird and tourth counts. in MOSt cases. concentratinns ol Ge were also
Jetermaned on other sampies by raciochemical neutron activation anal-
ysis (RNAAL

Although the INAA data were gathered over twir-plus decades.
significant improvements im the qualily were achicved starung i 1986,
As a resull. some mCLContes were restudied and the reeent analysis
given double weight in the determination ol the mean. In mast mete-
onites we had previously determuncd Ni by atomuc-ahsorption spectro-
photometry: in these cases the Ni mcans were calcufated treating the
previous mean @s an additional replicate. We have also recvaluated
ome older analytical runs to 1ncorporate more sophisticated corree-
nons and. 1n a few cases. revised some standards to corect systematic
CITHS.

In Tabic 1 the meteonites arc listed alphabencaily together with therr
Lroup assIgnments. Mcan compositions of IAB isons and related irons
e listed 10 Tablc 2. and previously unreponed individual analyses
camied oul 10 or alter 1986 are listed in the Appendix. [0 tachtate
companson ot Table 2 with the diagrams, the meteontes arc sored Mo
the new groups (o1 scts} resuiting (rom this study and arc fisted i order
ol increasing Au content within cach subgroup.

Some of the means listed in Table 2 differ trom published values
hecause of munor changes in calibration, minor changes in the weight-
ing ot repheates. or (0 rare cases) the discovery of anthmeuc or
copying crrors, We estimate relative Y57 contidence himuts on the
histed means to be 1.5 to 3% for Co. Ni. Ga. Ir. and Au: 4 10 6% for As
and Ge: 7 1o 10% for W (values >0.3 ug/g). Sb (>200 ng/g). Re (>50
ngsg). and PL(>2 ug/g). Because much ot the Cr s in manor phases
(masnly chromtc). sampiing errors resuit in relauve contidence limats
on the mean = 10%. [n addition. there is an le tnterterence n the
Jetermunaton of Cr resulting from the Mpe(n.ay ' 'Cr tast-neutron re-
action: our somewhat uncenain estumatc of the fevet of interterence 1s
6 ugCrpergot e (Wasson and Richardson. 2001). Our data werc nat
corrected for this interterence.

in a few samplcs there is scaticr among the Cu replicates. Although
some of this may reflect contamnation by Cu-base dramond blades. in
a later discussion we suggest that the scatter mainly reficcts stochastic
sampling of metallic Cu grans that are someumes tound in IAB irons.
mainty associated with FeS (El Guresy, 1965).

3. THE CLASSIFICATION OF IRONS BELONGING TO
THE IAB COMPLEX

3.1. Some History

The roman numeral system of dividing iron meteorites into
tields on the basis of Ga conceatration was devised by Gold-

berg et al. (1951) and Lovering et al. (1957). When Wasson
(1970) discussed the high-Ga meteorites. he restricted group I
to fall within ccrain rclatively narrow fields on Ge-Ga and
Ge-Ni diagrams: his group cxtended down to Balfour Downs,
with 56 ug/g Ga and 194 up/g Ge. but he noted that there were
several additional irons that fell along an extrapolation of these
fields to lower concentrations. Wasson (1974) designated the
low-Cia. low-Ge irons in these extrapolated fields iB irons. and
designated the irons in the original group I as IA irons. His
view was that thesc were densely populated and thinly popu-
lated parts of a single genetic scquence. Our current, more
complete data sct shows this view to be incorrect in detail.

A small set of related irons was designated IC by Scout and
Wasson (1976). This group mainly shares relatively high Ga
and Ge contents with IAB. but does not have the high As. Au.
and Sb contents of the latter group. Al this time there is no
reason to believe that these irons are ciosely reiated to LAB. and
they will not be discussed further in this paper.

Groups HIC and LIID were first described by Wasson and
Schaudy (1971). who noted that the “groups may be related to
cach other.” Scott (1972) combined the two groups and Scott
and Bild (1974) noted that scveral properties of ITICD members
paratleled those of IAB irons. Scott and Wasson (1975) agreed
that the combined IIICD sct was a single group.

wasson et al. (1980) cxuapolated HICD eclement-Ni treads
down to low Ni concentrations. reclassitying scveral low-Ni
IAB irons as [IICD on the basis of Ir. Ga. and Ge values that
plotied below the main IAB trend. Choi et al. (1995) continved
this approach and rcported a large body of new INAA data on
IAB. INICD. and related irons. Despite these additional high-
quality data. they could resoive no compositional hiatus be-
\ween IAB and HICD on Ga-Ni. Ge-Ni. Ir-Ni. or other ele-
ment-Ni diagrams: they theretore recommended “that the entire
(IAB-HICD) sct be treated as a single group, but with the
proviso that researchers measuring properties of possible tax-
onomic values should continue t 'search for hiatus.”

TN 4

3.2. Compact Data Fields on Element-Au D! v
IAB Main Group and Several Related Subgroups

The criteria we uscd to sclect iron meteorites with compo-
sitional links to IAB arc best discussed after surveying the
properties of the meteorites having the characteristic properties
of this set of metcorites. These criteria are discussed in more
detail in section 3.6. The main threshold values are: Au >1.3
ug/g. As >10 pp/g. Co >3.9 mg/g. Sb >180 ng/g. Al the
bottom of Table 2 we also list 3 irons that are IAB related (e.g..
based on O-isotopic compositions) despite having low Au and
As values. There may be other exceptions.

When we plotted our IAB elemental data against Au instead
of Ni we found that, with a smail number of exceptions. on
eclement-Au diagrams except Ir-Au and Cr-Au. the data tended
to form compact fields (and in most cases. linear arrays). Most
of the original IAB members (i.e.. those with Ga > 50 pg/g)
form a densely popuiated cluster having ~70 members; we will
call this the IAB main group and give it the symbol IAB-MG
(or MG when the context is clear).

The Ni-Au diagram (Fig. 1) proved to be the best suited to
resolving this large set of irons into smaller sets of closely
related irons. In addition to the IAB main group. five subgroups
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Table i. Assignment of irons belongng to different categones within the LIAB complex.
Meteonte Group Meteonte Group Meteonte Group
Algarrabo (Ovalle) un Garden Head “HH Oscuro Mountains MG
Algoma sHL Gay Guich sHH Ozren MG
Allan Hills ALHA77283 MG Gladstone (iron MG Pecora Escarp PCA91003 MG
Allan Hills ALHA76002 MG Goose dhe sLL Persimmon Creek sLM
Allan Hills ALHA80104 sHH Grosvenor Mt GRO9SS1 sLL Pine River sLL
Annaheim sLL Grove Mtns 43003 un Pitts un
Anoka sLM Guangxi Coul Mine MG Pittsburg MG
Aswin un Harlowiown un Pooposo MG
Bahjo1 sLL Hasparos MG Purgatory Peak A77006 MG
Balfour Downs SLL Hassi-jckna sHL Qarst al Hanash sHL
Ballinger (UCLA) MG Hope MG Quesa un
Bischtube sLL Idaho MG Reckling Peak A80226 sLL
Black Mountain MG [tapurung s MG Rifle MG
Bocaiuva np Juralite MG Rosano MG
Bogou MG Jenkans MG San Cristobal lug L.an
Bohumihitz MG Jennv ~ (reek MG Santa Cathanna un
Bolivia MG Kaalth.ar MG Sarepia MG
Bnitstown un Karee K100l sLL Seeldsgen MG
Burgavil MG Kendusl County un Seligman MG
Burkett MG Kofa sHH Seymour MG
Burkhala un La Se-ena MG Shrewsbury sLL
Caddo un Lamesa sLM Silver Crown MG
Campo det Cielo MG Landes MG Soledade MG
Canyon Diablo H MG Lewis CLff LEW 86540 sLH Smithwville MG
Canyon Diblo L MG Lexingion County MG Sombrerete sHL
Carlton \LM Lime Creek un Surprisc Springs sLL
Casey County MG Linwiiie sHH Tazeweil sLH
Chebankol sHL Linwood MG Thiel Mt (TIL91723) un
Chuckwalla MG Livingston (TN) un Toluca sLL
Colfax un Lonaconing sHL Twin City un
Comanche (iron) sLL Lueders MG Udei Station un
Cookeville un Magnesia sHL Uruacu MG
Coolac MG Magura MG Vaalbult MG
Copiapo MG Maltshohe sLM Ventura un
Cosby's Creek MG Mazap sLL Victoria West sHL
Cranbourne MG Mernzon un Waterviile un
Dayton sLH \Mesa Verde Park un Wedderbum sLH
Deelfontetn MG Morasko MG Wichita County MG
Depont sLL Mount Ayhitf MG Wolsey MG
Donghing MG Mount Muagnet sHH Woodbine un
Duet Hill (1873) MG Mundrabiiiu un Wooster sLL
Dungannon MG Mungindi sLM Wu-Chu-Mu-Chin un
Edmonton (KY) . sLM Muzatfarpur sHL Yardea MG
Egvekinot sLM Nagy-Vazsony sLL Yenbeme MG
Elephant Mo sLL Nantan MG Yongning un )
un New Leipzig MG Youndegin MG Olo 56
un Niagard sLL Zacatecas (1792) np ) ’( M
ot un No We Afnca NWA468 un Zaffra MC )

Fairfield (OH) MG No We Afnica NWA176 np Zagora un

Follinge sLH Ocoullo MG Zapaliname MG

Four Comers un Odessa (iron} MG Ziz MG

Freda sLH Ogailala sLL

Gahanna MG Okubbeha County un

See text for group abbreviations; un = ungrouped member of IAB complex: np = not plotted. outside Au limits on diagrams.

of these closely related groups raises serious nomenclature
problems: after considerable thought and discussion. we pro-
pose to designate them subgroups within the IAB complex
rather than independent groups. We will, however, sometimes
use groups as a generic description when referring t0 the main
group and one or more subgroups.

The five subgroups have 6 to 15 members. Three of these

and two related grouplets are resolvable on this diagram. For
this reason we have devised a nomenciature for tne subgroups
based on their mean Ni and Au contents. As discussed in more
detail later. the low-Au groups all seem to be closely related to
one another. and there is some possibility that several come
from the same parent body; the link between the high-Au
subgroups and the main group is more tenuous. The discovery
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Table 2. Mean composition of the iro

solos. and sorted in terms of increasing

Y
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ns in the [AB'&::mplex. Data listed separately for the main group, the 5 subgroups. the S duos. and the 17
Au within each of the sets of irons.

Cr Co Ni Cu Ga Ge As Sb W Re ir Pt Au

Meteonte silt  (ugg) (mgg) (MY (uL/R) ug/g) (ug/g) (ug/g) (ne/g) (ug/g) (ng) (ug/g)  (ugfg) (ug/®
[AB main group
Landes ac 438 151 65.5 17 87.5 414 10.2 256 1.42 349 433 128 1417
Burgavli 28 145 66.4 168 97.1 519 11.0 1.90 162 1.19 1.435
Duel Hill (1873) 19 160 67.0 163 99 .4 142 11.8 287 1.51 391 432 8.6 1.439
New Leipzig 9 165 668 139 922 445 1 13 228 147 281 195 143
Cosby's Creek 25 146 647 154 93.1 449 11.4 270 1.82 344 272 1.448
Wolsey 43 452 66.2 137 92.8 428 10.5 320 1.56 447 41.86 10.3 1.457
Uruacu 29 165 643 145 89.6 357 1.6 270 1.25 327 3.36 88 1458
Magura 23 162 6 d 136 95.6 483 10.3 175 1.65 327 3.65 1.461
Ziz 0 154 675 130 %9.1 400 10.7 180 1.20 210 207 6.9 1461
Sarepta 2s 168 6S 9 149 98.8 456 11.5 341 1.39 421 4.38 1.464 -
Soledade 21 147 678 147 986 440 1.1 320 1.40 393 190 9.7 1465
Zapaliname 3 458 671 130 84.2 11.8 235 1.27 202 1.82 59 1.466.
Chuckwalla 238 16l 659 156 100.0 371 12.4 484 1.56 243 2 86 1.468
ltapuranga 28 268 HS.2 131 36.0 478 11.5 262 1.33 242 2.57 9.7 1472
Bolivia b 164 670 187 973 397 1.3 294 1.33 226 2.06 8.1 1.482
Coolac 15 451 659.9 161 335 423 1.1 276 1.42 295 2.84 8.1 1.485
Yardea 00 4 702 185 88.1 361 10.7 278 1.30 369 121 1.487
Ballinger (LCLA) 26 161 678 148 378 341 12.1 336 1.25 320 320 64 1.490
Campo del Cielo ac 18 498 66.8 140 930 394 11.8 270 1.31 370 155 7.6 1.490
Gladstone turon) 20 47 65.6 153 91.8 418 1.3 289 1.46 321 295 1.490
Seligman 28 159 a6 7 162 93.5 423 12.2 332 1.22 327 3.29 72 1.491
Allan Hills ALHA76002 10 148 68.0 153 93.7 420 1.3 318 1.55 287 2.56 1.500
Pecora Escarp 29 462 70.8 148 32.6 327 13.0 338 1.11 71 3.61 59 1504 -
Lueders ac 18t 168 70.2 151 8.7 253 12.0 ki) 122 297 188 6.5 1505
Morasko <31 133 67.6 154 102.7 500 116 269 1.78 124 1.11 1.508
Linwood ac 12 454 67.1 136 91.0 374 11.9 328 1.17 301 2.85 1.508
Hope 23 460 70.6 148 899 402 11.2 270 1.35 7 0.75 1510
Black Mountain 3 466 642 128 35.9 464 12.0 271 1.43 338 292 46 1.515
Secldsgen 24 154 659 159 102.8 493 10.7 250 1.85 108 1.14 1.523
Jaralito 32 168 66.6 148 38.9 376 119 294 1.21 166 1.50 1.526
Nantan 20 172 68.8 143 79.8 293 12.8 309 1.01 168 1.79 6.3 1.530
Canyon Diablo H° 26 163 69.3 148 g2.1 323 13.0 296 1.06 253 .42 6.1 1.534
Yenbeme 29 172 68.2 159 84.0 319 12.6 3138 1.03 319 150 57 1.535
Pooposo 44 163 70.0 196 79.6 325 119 328 1.02 246 2.68 1.537
Fairfield. OH 19 170 672 143 30.7 329 13.1 373 1.03 161 1.79 5.8 1.537
Oscuro Mountains hi] 451 689 179 797 159 12.1 266 1.19 283 297 1538
Youndegin 26 470 a¥.3 145 345 330 13.0 280 1.07 217 215 54 1.540
[daho 24 166 723 154 33.4 321 13.2 289 1.06 262 2.54 47 1.543
Cranbourne 26 460 68.2 139 338 372 13.1 350 1.18 168 1.73 1.550
Hasparos- 27 466 66.1 154 104 486 124 311 1.73 506 5.59 1.550
Canyon Diablo L° ac 24 465 69.3 150 83.0 330 13.0 308 1.07 234 219 6.3 1.552
Lexington County 20 158 68.4 154 82.4 316 13.8 295 1.12 293 2.86 1.555
Jenny's Creek 2 471 68.8 P4l 322 322 13.6 361 1.13 272 2.4 5.9 1.559
Rosano 23 4.69 0.6 151 90.0 401 12.1 280 1.16 191 1.90 1.559
Seymour 29 468 67.8 159 387.2 381 12.8 231 1.18 194 1.74 1.562
Wichita County 32 166 7 9 148 83.4 342 12.4 373 1.20 210 1.90 1.565
Deelfonten 27 449 703 160 844 306 143 336 1.90 150 1.56 1.6 1.576
Jenkins 25 458 69.2 151 87.7 353 13.1 344 1.28 247 216 1.580
Guangx Coal Mine 24 461 70.7 165 84.6 380 13.5 350 1.02 188 1.84 53 1.582
Silver Crown 28 461 71.6 142 834 321 12.8 312 1.01 289 281 1.58%
Ozren 3 475 70.9 139 78.5 280 14.1 280 1.02 204 2.59 48 1.586
Rifle 24 469 70.5 134 7712 281 144 340 0.88 211 1.94 4.3 1.587
Purgatry Pk PGPA77006 22 469 72.4 148 78.8 279 14.8 426 0.96 224 221 5.5 1.592
Bohumilitz 21 4.76 72.8 134 76.7 264 15.4 358 0.88 218 2.04 1595
Vaalbuit 26 452 68.3 145 83.6 333 14.8 — 1.24 281 2.14 1.595
Gahanna 16 463 69.3 174 85.4 282 131 370 0.96 232 1.87 60 1597
Smithville 20 465 69.2 160 87.1 363 13.8 338 1.05 198 1.88 5.1 1.610
Odessa (iron) fiag 34 472 719 129 75.0 279 14.3 31 098 242 238 5.8 1.611
Dongling 22 473 71.2 157 87.8 219 13.9 761 1.02 143 1.71 40 1615
Burkett 23 1,64 69.6 170 89.2 370 13.5 510 1.48 267 248 1.619
Casey County 22 473 69.7 163 81.2 318 13.7 400 1.24 155 1.35 1.620
Pittsburg 16 4.68 65.4 130 89.2 359 14.6 291 1.08 234 212 6.4 — 1630
Mount Ayliff 26 4.88 73.5 134 80.0 267 15.7 287 0.86 262 2.24 6.9 1.633
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1AB tron-meteonic compiex s
Table 2. (Continued)

Cr Co N Cu Ga Ge As Sb W Re r Pt Au

Meteontc G (uglg) (myg) meR) Lwg) (uge) (/R (ugg) gy (weR) (ng/g) (ng/g) (ue/B) (ug/g)
) _> LIAB main group. contnued
Bogou 23 167 R} 163 785 301 142 104 1.9 194 1.72 48 1645
Copiapo ac 21 474 =tg 165 726 252 144 6 092 287 305 1.650
Dungannon 27 472 he § 153 788 332 13.6 351 0.95 242 2.58 60 1650
Kaalijarv 23 176 AR 159 302 293 17.0 573 0.94 246 3.04 60 1.665
La Serena 16 176 Ta2 11 70:8 204 159 152 066 <70 055 33 1.66S
Ocotillo ac. n A 268 Y e 723 268 13.7 313 081 256 261 55 1.665
) Zaffra 33 aw w23 244 (5.1 312 072 <30 0062 1.665
‘/\b'\“m Hills ALHA77283 b AR7 s 145 31.1 320 15.4 199 1.06 26 216 70 1707
w .ubgroup sLL (low Au. low N1 o
> 23 Annahetm 23 23 -9 Lud 96 301 13.4 181 1.17 372 352 1.555
Katee Kloot 1S 27 =20 a1 0.0 35S 15.0 475 1.27 103 1.30 70 1.580
Pine River a4 i 492 g4 115 741 234 15.7 376 069 305 3.06 50 1.635
Guoose Lake 1 1%6 24 2 694 305 16.4 191 1.07 20 215 59 1.636
Ogallala A0 Lxd 2 M n3.1 266 159 KBY 1.07 270 243 57 1636
Wooster 138 N2 S L4 6.2 258 15.2 308 0.85 150 258 1.650
Surpnse Spnngs A7 B Ry “l ~94 264 16.0 393 0.78 282 W 416 1654
Depornt 2 EEPR WS 77 648 255 17.2 119 112 63 237 1.685
Bischtube AR 192 R 36 67.9 238 169 159 0.68 210 230 5.7 1.687
Balfour Downs A 187 IR R 1Al g6 194 16.6 403 .14 42 217 5.5 1.698
Grosvir Mtn GRO9S5S1! 19 1%6 <18 196 728 248 16.3 148 0.86 186 1.99 62 1.695
Mazapul 13 199 %8 hD) 602 221 18.0 181 0.70 417 559 10.1 1695
Toluca ac.gr 23 490 202 170 689 245 16.5 380 0383 250 247 57 178
Comanche (iron) 19 199 %24 176 763 270 17.0 429 0.89 27 282 6.1 1720
Recking Pk RKPAB0O226 23 4 48 <26 173 676 255 17.0 150 0.90 222 206 1.740
Elephant Mor ac 19 1348 <06 i34 748 226 15.7 159 0.80 274 .88 6.8 1.750
EET83332
Shrewsbury 16 188 ss3 217 62.6 196 17.3 431 0.61 260 2.77 1.750
Bahjo 21 183 9.4 146 697 273 17.1 540 0.96 290 .54 56 1754
Niagara 14 501 793 in 720 266 16.7 102 0.80 272 271 5.0 1757
~ Nagy-Vuzsony 18 199 <09 i89 722 237 18.2 421 0.82 277 243 61 1776
i)_-b subgroup sLM (low Au. medium Ni. ongwally 111C
persimmon Creek sr.ac 4 S48 1179 182 112 78.3 158 624 0.23 112 0.852 1.535
Maltahohe ac 15 S 26 1140 163 230 385 19.2 183 020 <50 0.17 19 1.600
Anoka 21 556 11%.0 197 17.8 15.7 214 177 0.11 <30 0.172 1.2 1617
Mungind: 15 350 118.6 t18 188 222 224 181 <00 76 0.583 1.4 1.665
Edmonton 1KY) B S48 1290 104 2a2 43 213 167 n29 <100 0.457 1.70§
Cariton ac 18 S67 [ 260 119 359 235 20 <02 S0 0.082 1.737
Lamesa 12 <60 128 323 131 1.9 212 n84 <Ot <30 0045 <06 1.754
Egveikunot A 562 1430 159 12.6 10.2 251 616 0.18 <50 0.098 1.830
_AQ 4 ,ubgroup ~»L.H (low Au. hugh Nu ongnally 1D}
Follinge 12 596 1779 171 188 115 2064 338 <00 <20 0.1 <11 1.700
Davton ac 12 62 1710 435 185 141 252 684 <02 <50 0.03 1.4 1736
Tuzewell 13 S 89 N6 1a| 175 178 266 682 <010 <20 0.10 1.763
Lewis ClLiff LEW 86540 12 599 1829 479 13 28 28.8 45 <00 <20 004 <20 1813
@ Freda 1 629 RN 6572 212 224 301 1200 <0.0 <30 0015 <20 1895
Wedderbum 10 A12 M0 329 1.45 147 327 1190 <0.0 0.058 24 1997
subgroup sHL (high-Au. low-ND

Chebankol 19 516 917 108 228 525 18.4 03 <60 0.090 2.00

Lonaconing 29 535 u6.9 168 38 62l N6 194 0.37 99 0.746 222

Sombrerete nc 4 507 93.4 247 19.9 13 211 213 104 <100 008 226

Hassi-Jekna 17 553 107.2 177 236 696 26.6 350 p21 <20 0231 1.5 240

Algoma <20 548 105.1 264 20.1 383 259 <240 023 <80 0354 245

Magnesia 23 $32 107.0 247 142 224 232 270 021 <40 0139 2.74

Qarat al Hanash 34 551 1275 212 167 297 26.7 316 0.27 100 0.856 278

Victona West 12 576 1243 158 166 314 298 200 020 <30 0032 17 293

Muzaffarpur 14 6.06 1399 213 154 286 22 433 0.38 75 0.550 3136

@ —4&> subgroup sHH (high Au. high Ni. includes Gay Gulch o)

Garden Head 8 6.18 1716 409 10.8 16.6 229 279 0.15 <30 0.115 18 244

Gay Gulch 13 6.77 150.7 245 651 107 29 338 039 <20 0.09 2.55

Mount Magnet ) 10 605 145.7 195 67 526 247 3 <04 <60 0015 2.64

Allan Hills ALHAB0104 10 680 158.6 298 587 103 26.3 367 037 <30 0.083 12 263

Kofa 7 6.94 183.9 165 179 861 284 621 034 <20 0! 285

Linville 11 6.13 165.1 278 784 161 30.0 590 <02 <I20 0.01 3.04

(continued)
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~ - Table 2. {Continued)
Cr Co Ni Cu Ga Ge As Sb w Re Ir Pt Au
Meteonte sl (ugig) (mwg) (myg) uyg) (u/g) (ug/g) (ug/g) (ngg) (ug/g) (ng/p) (ug/g) (ue/g) (ue/®)

E)

—> Udei Station grouplet. closely related to /|
209 170 0.4 174 736 234 12.7 429 1.02 245 3.67 62 1529

Thiel Mountains ac
L L Udei Station ac 17 181 947 275 694 204 15.2 639 0.74 136 0.672 36 1602
S Caddo ac 13 190 942 352 684 273 145 146 105 287 283 64 1607
. Harlowtown 21 391 $7.5 33 60.6 222 16.5 396 0.63 238 2.65 1.608
ud?) o Comers w30 <03 903 60 494 179 163 SO0 061 233 235 53 1636
Zagora ac 6d 183 916 267 701 226 15.6 150 0.88 267 2.83 63 1.706
Pitts grouplet, intermediate between sLL and sLM
Woodbine ac 7S 542 100.5 167 358 114 17.8 523 0.60 209 [.98 53 1.640
Colfax 17 <23 107.4 326 531 153 179 533 0.51 147 1.78 1.656
Pitts uc 14 <60 128.1 76 15 95.6 202 91l 0.33 95 1.22 rs 1.700
Algarrabo duo
Livingston (TN) 12 PRI 23 297 94 250 13.4 390 0.83 86 0.794 4.8 1.421
Algarrabo (Ovalle) R 54 06 181 647 267 14.5 316 1.02 932 10 8.2 1459
Mundrabilla duo '
Waterville 180 L %2 “6.3 159 673 196 15.9 338 0.72 37 0.372 31 1.634
Mundrabilla N; 241 LY <0 125 58.3 196 15.4 394 0.55 91 0.906 1.643
Britstown duo
Britstown <15 <81 190.6 1044 390 183 25.0 2090 0.6} 245 210 1927
Elephant Mor 38 530 2083 1069 226 104 294 2670 0.36 279 3.06 6.7 1982
EET87506
NWA 468 duo
Grove Mtns GRV98003 12 ~ %9 146.3 171 6.96 <50 218 104 0.60 <40 0.068 59 216
North West Afr ac 230 T 19 1185 263 310 117 28 431 0.65 281 295 40 221
Twin City duo
Santa Cathanna 9 617 158.8 1440 322 9.01 38.1 2760 0.20<100 0.023 364 -
Twin City <14 ni7 1048 i140 453 7.50 376 2340 <«0.2 <200 0.019 3.68

solo irons related 1o _TAB

IA’E Elephant Mor \A ac 80 204 101.1 195  40.0 92.4 136 362 032 163 1.83 30 1286 a&(
‘ CEET843004 )
Kendall County

ac 21 398 55.5 150 744 347 10.8 721 1.01 270 2.11 93 13,

\
W"‘Z"“) Ellicort 18 291 785 175 600 252 136 190 150 304 3.46 1.400
124 059 240 196 20 141S

Vermillion nc H <88 749 122 462 140 13.0 2.
Yongning 37 196 64.4 1St 939 490 103 350 2.08 389 397 112 1450
Georgetown 290 .79 90.3 58 560 120 16.2 393 0.63 <20 0.238 30 1507
Mertzon 667 197 90.8 653 655 293 12.7 529 096 207 2.20 1.528
Oktibbeha County 23 477 3963 6460 161 9.00 3.4 3785 040 <035 0.026 1.615
Aswan {8 §92 32.0 122208 418 166 1.66 <50 0249 121 1670
Wu-Chu-Mu-Chin 15 i94 2217 %01 482 140 210 750 0.76 262 2.64 66 1681
Cookeville 9 =29 3 154 898 198 13.2 287 1.18 251 2.46 89 1707
Burkhala 65 <7 972 61 540 358 12.3 637 1.60 759 8.03 124 L1711
Mesa Verde Park 18 238 108.3 115 552 142 16.6 169 0.54 297 2.16 49 1.800
San Cristobal pb 17 613 252 944 115 243 294 2185 <02 <40 0.329 23 1999
Ventura 15 632 101.4 1499 139 250 218 119 087 24 0.163 67 214

Lime Creek <30 /00 2929 1109 157 286 438 2630 <0.3 <280 1.05 228

Quesa 17 666 119.7 21t 368 1006 275 221 0.69 <60 0.092 292

—>IAB related? Au values below the range plotied

Zacatecas 1792 15§ 30 59.9 123 808 307 68 <100 1.91 130 .14 1.6 0744
Northwest Afr NWAL76  uc 430 <14 86.0 00 187 197 9.42 100 1.16 355 362 8.5 0862
Bocaiuva ac 161 <14 848 290 191 1.78 9183 200 1.20 363 319 63 0879

3 §ilicate textures are iargely from Benedix et al. (2000.
Texturp abbreviations: ac. angular chondnuc: gr. graphite-nch: nc.
",‘\‘““' » Twofanalyses (high- and low-Ir) given tor Canyon Diablo.

/et
have Au contents similar to those in the main group. and two In Fig. 2 we repeat the Ni-Au diagram (Fig. 2a) and also R

have resolvably higher Au contents. We designate the former include three diagrams that rank next to Ni-Au in potential for
low-Au (LAu) subgroups and the laner high-Au (HAu) sub- classifying the extended [AB set: Co-Au, As-Au, and Ga-Au.
groups. These are then further divided into high-, medium-. and In Fig. 3 we show data for four additional taxonomically F3
tow-Ni subgroups (HNi. MNi. LNi). Thus the low-Au subgroup vatuable elements; the Ge-Au diagram is almost as good as the
with the highest Ni content (which mainly consists of the oid first four diagrams, and the Sb-Au and W-Au results are Quite
group IID) receives the designation IAB-sLAuHNi. but we useful when high-precision data are available. The Cu-Au
mainly use the shorter form sLH when the context is clear. The diagram is good but, as discussed below, Cu values may show
two grouplets consist of meteorites closely related to the sampling variations that limit their utility. The main group and
the five subgroups are shown on these diagrams by different

nonchondritic: pb. phosphate-bearing; sr. sulfide-rich.

low-Au groups.
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Fig. 1. Thus plotel log Nivs
five subgroups, ve
that are not closely refated to any nther iran) I'he main
ditfuse siclds that arc roughly paralel o the main-group trend.

group (ca. 70 irons)

hemng 1. or H for high or jow Au. and the second letter beng H. M. or L for high. medium. of

tiiled crrcies abave the mam group: fargcty consists of the oid HID irons. and
the MG and sLH) 18 Jargety compnsed ot the vld
group:. many of these rons huve L 0oane stheate 1n

filled symbols. cxcept sl.[. by Xs. One of ‘he low-Au grouplets tween the

is shown by crosses. the other by open tnangles

Filled triangles arc used tor five patrs ot irons that arc related
1o greater or lesser degrees. A large sct ot 17 irons that fall
close to one or the other group on some diagrams but not on
others. and are therefore not assigned to any group. arc plotted
as open squares. These are also not closeiv linked 10 cach other
in composition. Nonetheless. all have compositional character-
istlics suggesung geneuc links 10 [AB.

On the Ni-Au diagram (Fig. 24) we sce that with the excep-
tion of one high-Au MG iron that overiaps si.L. the MG field
(small tilled diamonds) is completely resolved trom irons in the
live subgroups. The subgroups show similar. subparailel trends
on the Ni-Au plot. and (with thc mentioned exception) are
scparated from the main group and each other by hiatus. Cases
like this. where hiatus are present. provide convincing evidence
that we are dealing with sets of meteorites that had different
origins. and thus must be assigned to different groups or sub-
groups.

The Co-Au diagram (Fig. 2b) shows strong evidence for the
same compositional clusters. There is appreciable overiap be-

group fiel

duos (filled tnangies. paies of composinonally closely rclated trons ), and 17

groups arc resolved.
is from 4.4 to 5.1 mg/g; the fact that this main-group cluster is
so compact is a testimony 1o our high precision for Co. The
spread in Co within any narrow range in Au is only about =3%
around the mean.
the main group and the sLLH and sLM subgroups.

The combination of fractional crystallization and mixing
effects that determines the compositions of the irons in mag-
matic groups produce similar
As-Au plots of these groups yicld linear trends having similar
slopes and. generally. similar intercepls (Wasson and Richard-
son. 2001). Nevertheless.
(Fig. 2¢) had good taxonomic
IAB complex. Although there is more overiap between groups
than on the
lap with the main group.

diagram. As-Au
be subparallel to
than predicted by an extrapolation of that trend.

iron metcorites 1n the LAB compiex 1nto a man group (MG).

solos (open squares. Lons
forms a dense band: the subgroups form more

The subgroups arc given (wo-ictter names. the first letter

tow Ni. The si.H group (dark
the si.M subgroup (dark filled squarcs between

{LIC irons. [he three jow-Au subgroups arc closely related to the main
clustons with chondaic composiuons and A'70 values near —0.5%e.

main group and the sLL subgroup but otherwise all
The total range in main-group Co contents

Particularly striking are the parailel trends in

ractionations in As and Au:

we found that the As-Au diagram
value for resolving irons in the

Ni-Au diagram. only sLL shows appreciable over-
As on the other diagrams. the main-
d is quite linear and compact. Similar to the Co-Au
wends through the low-Au subgroups seem to
those in the main group but slightly higher
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Fig. 2. liicment-Au diagrams
tive subgroups.
show the four most-usclul clement-Au diagrams
main group toms a well-detined hincar pand. On the
trom cach other: the trends n he subgroups arc
resolved on the Co-Au. As-Au. and (ia-Au diagrams with

subgroup. The wends in all groups are pegative on the Ga-Au diagram. posiive on

and high-Au (suh)groups are discussed separately

In contrast to the positive trends in Figs. la-le. the Ga-Au
diagram (lig. 2d) shows ncgative trends in the main group and
{he subgroups. Again. the main-group ficld is dense. cssentially
lincar. and sharply defined. Overlaps are only observed be-
\ween the main group and sL.L. Notc that {in part because of
law-(Gia irons being assigned to si.L) the total range in main-
proup Gia is from 101 1o 68 pg/g. In the past (Choi et al.. 1995)
the lower limit of the IAB Ga range extended down to 11 pe/g
in San Cristobal but our improved and cnlarged data sct shows
that this iron is not closely related 10 the main group (01 1o any
other iron in the IAB complex).

la the tour diagrams in iig. 3 the same general patterns are
present but they are less well defined. The main-group Ge-Au
urend (Fig. 3a) is ncgatuive. similar o that obscrved for Ga-Au.
There is again overlap ol sLL with the high-Au part of the
main-group trend. The main-group W-Au wend (Fig. 3b) is also
negative: the relationship between the main group and the sLL
subgroup is similar 0 those on the Ga-Au and Ge-Au diagrams
hut there is more scauer. Although a pan of this scauer is the
result of the relatively high experimental uncerainties in our W
data. a part may also reflect fractional crystallization etfects
discussed later in connection with our ir results. Because of our
relatively high detection limit, we are only able to report one w

resolve the 1ron Metcontes that
two grouplets. tive duos, and 17 solos. See Fig. 1

tor classificauon:
Ni-Au diagram five subgroups arc resotved from the mam group and

mect our compositional cniteria into the {AB main group.
for the identificauon of the fields and symbols. Here we
(a) Ni. (b) Co, (¢ As. and (d) Ga. On each of these the

value for sLH. which (as shown by the ir data) has low contents
of refractory siderophiles and those volatile in oxidizing envi-
ronments (c.g.. Ga and Ge).

As shown in Figs. 2c and 2d. the main-group Cu-Au and
Sb-Au lrends arc positive: in both diagrams a compact core
region resembles the element-Au trends for Ni, Co. and As. but
there are substantially more outlicrs. Our Sb errors are rela-
tively large. and most of the outliers may rcflect either exper-
imental crrors or. for some high values, contamination before
receipt in our laboratory. Although Cu is a valuable taxonomic
parameter for the magmatic irons. in the IAB complex there is
more scatter. some of which we auribute to effects associated
with the presence or absence of metallic Cu in the system.

All the elements we determine are concentrated in the Fe-Ni
phases kamacite and wenite with the exception of Cr and Cu.
There is no doubt that much of the Cr is in chromite. Metallic
Cu grains are found in IAB irons. mainly associated with
graphite-FeS nodules (E! Goresy, 1965: Kracher et al., 1975).
Our Cu replicates tor Landes and Lueders scater; these need to
be restudied. However. as discussed below. most anomalously
high Cu values replicated very weil.

We suggest that Cu values are lower in irons that were able
to nucieate metallic Cu at relatively high temperatures, with -
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tig. 3. l'our ather clement-Au d
as the Co. As, and Ga-Au diagram
scatter ficlds are consisient with t
negative. simitar to the Ga-Au wend. The
and the trends onty marginaly
diagrams 1n {ag. 3 the sHI. sube
the sHIL Sb data appear o ne resoivably lower than

{1y
<on kg 2 The other di

roup tlaree gray squares)
such

(fusional drain ot the Cu out ot the
l'e-Ni into the Cu metal. In ordinany chondnites. metallic Cu
wnds to nucleate at the boundancs between metal and l'eS
(Rubin. 1994, The observed ** normat” main group fevel of ca.
150 pg/g Cu might then retlect the cquiinnum Cu content ol
the Fe-Ni at the diffusional blocking temperature.

this step totlowed by the d

3.3. Assignment of Meteorites to Subgroups
3.3.1. Low-Au subgroups and grouplets

The main-group ficlds arc well detined 1n Figs. 2a-2d and
lig. 3a (Ge-Aul We suggest that. by companng the data
distributions in the main group with those in other clusters that
appear on these diagrams. wc can assss whether members of
such clusters arc sutficiently refated 1o warrant (subjgroup
status. [t scems clear that sL.H and si.M (the old groups IID
and IIC. respectively) have propenics censistent with assign-
ment o a group. If their composittonai iinks to the main group
and to each other were not so close. we would treat them as
independent groups. as worthy of this status as other smail
groups of iron meteorites (such as IIC or iap.

The new sl.L subgroup is also well defined on the Ni-Au
diagram. occupying a position between the main group and the

rums have taxonomuc valuc.

fae ot the Ge-Au diagram and those
Cu-Au and Sh-Au ucnds ar¢
resoivable because of the scatter in the

The (a) Ge-Au diagram otfers about the same resolution
how more scatter. which limits their usefulness, but the
seen n Fig. 2. The Ge- and W-Au lrends are
positive in the main group. but the slopes are low
data On all diagrams 1n Fig. 2 and 1n three of the
h extrapoiation of the man-group trends. but

agrams §

plits along a roug
an extrapoiaton.

c main group. [ts existence as a
sateilite of the main group is onc of the reasons tor holding that
the sLH and sl.M subgroups should be trcated as part of the
came complex. As discussed helow. on most other diagrams
JLL shows appreciable overlap with the main group but it is
somewhat resoived on the As-Au. Co-Au. and Cu-Au dia-
grams. Among the low-Au groups. sLL is the only one whose
existence had not previously been proposed.

In addition to the sLH. sSLM. and sL.L subgroups there are
two low-Au groupicts that arc closely related to the main group.
We named these atter one ol their members that is an observed
fall. On the Ni-Au diagram these grouplets occupy the region
between sL.L and sLM. The “Udei-Station™ grouplet has lower
Ni contents; it has six members (enough to be called a group
but we suggest it nceds better definition before this designation
be given). four of which contain coarse silicate inclusions. The
“pitts” grouplet has higher Ni contents: two ot its three mem-
bers contain coarse silicates. Although we are dealing with the
statistics of small numbers. it is noteworthy that neither the
main group nor any of the other subgroups has such a high
fraction of coarse-silicate-fich members as these two grouplets.

Subgroup sLL generally appears to form a high-Au exten-
sion of the main group. On the Co-Au (Fig. 2b). As-Au (Fig.

sLLM subgroup but ncarer th
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2¢). and Cu-Au (Fig. 3¢) diagrams most values plot slightly
higher than the (positive) main-group trend. In cach of these
cases the mean clemenv/Au ratios arc mgmncamly higher n
oL than in the main group. The other diagrams that provide
the best resolution of the low-Au subgroups are Co-Au. Ga-Au.
and Ge-Au (Figs. 2b. 2d and 3a): on these diagrams sEH and
sLM are tully resolved from cach other and trom other groups.
This is also marginaily truc on the As-Au diagram. g, 2¢. On
all these diagrams sLL partially overiaps the mawn group. On
the W-Au diagram (Fig. 3b) subgroups W H and sL.M arc
resolved from cach other and from all uther groups. but our
detection limit only permitied us 1o repon one value tor st.M.
Subgroup st.L. overiaps the mam group

1.3.2. High-Au subgroups

The two high-Au subgroups are destgnated sHH {high Au.
high Niy and sHL. {high Au. low NI Inciuded 10 the tormer 1s
the previously recognized Ciarden-Head tnofquarnct (Malvin ¢t
al.. 1984; Kracher ct al.. 1980). The sHi. subgroup s new: 1t
consists of cight 1rons that. on most diagrams. form an array
that could plausibly he interpreted as an exlension ol the main
group Lo higher Au contents. These two high-Au subgroups arc
jess well defined than the low-Au subgroups. in cach ol them
there arc possible reasons Lo discard one or more irons from the
wt Because of these compiexities we need to gather more
chemical and textural ohservations: we theretore reserve the
detailed discusston of them lor suhscquent paper.

Malvin ¢t al. (1984} had noted the general compuositional
relatedness among several of the high-Au meweonics uncluding
the Garden-Head quaret) that arc now assigned 1o these
high-Au subgroups. and speculated that they might be relawed o
the HIC and IHID irons. However. at that ume the compositional
cvidence was not precise cnough to warrant assigning the irons
we now designate sHIL 10 @ single group.

Because the two high-Au subgroups arc (ully resolved trom
the main group and the three low-Au subgroups in Lms ot Au.
we will not compare them 1o these groups. Instead we will
conline our discussion 0 WO Lopics: (a) are the compositional
data fully consisient with these two sets ot irons being desig-
nated groups? and (b) are the Lwo sely ol arons properly re-
solved trom cach other?

The two high-Au subgroups arc fully resolved from cach
other on the Ni-Au (lig. 2a) Ga-Au (Fig. 2d). and Co-Au (Fig.
2h) diagrams. but only marginaily on the latter. In fact the
vertical spread in Co in sHH. which is much larger than that
ohserved in the main group. calls into gquestion the assignment
ol group status 10 this sct ol five irons. The groups are also
resolved on the Ge-Au diagram (Fig. 3a). with the exception of
sHL Sombrerete (2.26 pE/g Au which is inside the sHH
range, ~4X lower than expected from the trend through the
remaining irons assigned 1o sHL. On the As-Au diagram the
two groups arc {ully intcrmingled.

We noted above that the sHL data plot along rough extrap-
olations of the main group on most diagrams. The exception is
the Sb-Au diagram (Fig. 1d). Here the generally upward trend
of the main group would seem 10 extrapolate well above sHL.
Unfortunately. this conclusion is tempered by the large degree
of scatter among our main-group Sb data (in part because of a
moderately high analytical uncenainty).

Our conclusion is that both of these high-Au groups inciude
irons that arc closely related. but also that there may be inter-
lopers 1n cach group. The logical next step is to make a detailed
comparison of their structures. and to gather additional O-
isotope data. perhaps using laser-fluorination to study individ-
ual silicaw grains (Young et al.. 1998).

3.4. Silicate Inclusions in the Irons of the IAB Complex

[Lis useful to review the basic evidence regarding silicates in the
{AB-complex irons because these provide additional information
rcgarding the classification and the origin of these irons. The
silicates can either be coarse ( grains or aggregaies >2 mm) or fine
and dispersed. Those with coarse silicates are identified in Table 2.

1 appears that finc silicates arc ubiquitous in the irons originaily
assigned to LAB-HICD. ie. in the main group and the closely
retated low-Au subgroups and grouplets. E1 Goresy (1965) found
silicates in every graphite-trolite inclusion he examined in the
LAB irons Canyon Diablo. Odessa. and Toluca (but did not find
them in graphite-tree FeS inclusions). In Appendix I of Buchwald
(1975). silicates arc reported in 69 irons listcd under the old name
of 1AB. group 1. From this list we deleted Thoreau (paired with
Odessa} and tour irons (Pan de Azucar. Mayerthorpe. Surprise
Springs. and Petropavlovsk) tor which Buchwald's samples were
so small that he tailed to tind wroilite. cohenite. or graphite in this
inclusion-rich group. These corrections Icad to a calculated sili-
catc-bearing fraction of 42%. Buecause the tiniest silicaies are
casily missed. this must be interpretcd as a lower limit

A sizable fraction ol the irons contain coarse silicates. big
cnough to ailow textural studies and. in favorable cases. to use
modal abundances O estimate bulk compositions. Benedix et
al. (2000) studicd four of these occurrences and summarized
the results of carlier studies on 19 others (they also included
Tacubaya but we agree with Buchwaid (1975) that this Mexi-
can won is probably paired with Toluca). They divided these
silicate assemblages into five categories: angular chondritic (ac).
nonchondritic (n). sulfide-rich (sr). rounded. graphite-rich (rg), and
phosphate-bearing (pb): in six cascs they report two of these
categorics in a single iron. Chondritic silicates dominate, and are
reported in 19 of the 27 irons on their list (if Tacubaya, which has
chondritic silicates. is indeed Toluca). We list their classifica-
tions in column 2 of Table 2. In part because we also include
the so-cailed ITIICD and ungrouped [AB-related irons. our list
includes five other occurrences in which silicates with dimen-
sions >2 mm arc known among (he members of the compiex.

In Fig. 4 the compositions of the irons that contain coarse
silicates are shown on the Ni-Au diagram. With four excep-
tions. all reporied oxygen-isotopic compositions in the silicates
fail within a narrow range: A0 (= 670 - 0.52-5'%0) values
summarized by Benedix et al. (2000) are all between -0.30
and —0.68%o. This is within (towards the upper end of) the
range for whole-rock carbonaceous chondrites and suggests
that the precursor materials were carbonaceous chondrites.
Circles are drawn around the symbols of irons that contain
silicates having this classic IAB O-isotope composition. dia-
monds around the four that have more negative AY0 values.

The diagram shows that three of the latter four irons have Au
> 2 pg/g. The exception at Au 1.42 is Vermillion; its A0 is
—0.76%e. not fully resolved from that of Lucders at —0.68%a.
The other three meteorites have more negative A'70
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Circles around the points indicate that the A0 of the sihic
outhines mdicate the pownts having A0 < -0 7% With t
Classic (O-isotope compositions loem a diagonal band exien
a Au = 2.0 ugig. three ol the other stlicate-beanng irons have
~1) 7671 s just to 1he low-Au wle ot the lower end of the man group

even deeper within the carbonaccous  chondriw O-1sotope
range:- Sombrerete (- | 39% wentatively assigned 10 the sHEL.
Clayton and Mayeda. 1996). NWAI6K (- | 3% a member ol
the NWAdJ68 duo: Rubin ct al. 2001 and Yamato R4S
( =11.77%.. soio ungrouped. Clayton and Mavyeda. 1996).

All except one ol the irons having classic O-1solopic cOomposi-
tions torm a diagonal band extwending trom Kendall County on the
lower left (Au 1.4 pg/g) and 0 San Cristebal on the upper nght
(Au 2.0 pg/g). The lone excepuon. at Au 1 30 pg/g is EETBA300.

The silicates in the main group and the low-Au subgroups and
arouplets are reduced. The highestalivine ba conwent 1s 8.0 mol.%
1 Udei Station (assigned by us to the Udei Station grouplet).
The most reduced olivine is Fal.0 in Pine River (Benedix et al..
2000). a member of the sLL subgroup. A still lower value
(1'a0.8) is present in the olivine ¢l Elcphant Moraine
EET84300. but the Au content (1.31 pg/g) of this ungrouped
iron is slightly below the IAB range (but ncar an extrapolation
of sLM to low Au values). Because its O-isotopc composition
is similar to that of low-Au members of the complex (A0 =
—0.50%: Clayton and Mayeda. 1996). it should probably be
included in discussions of members of the [AB complex.

In these silicates the olivine Fa content is lower than the
low-Ca pyroxene Fs content. As discussed by Kallemeyn and

lop Au shows the posions

of the wrons trom the IAB compiex that contan massive silicates.
ates 15 1n the classic range: —0.30 = A0 =
he excepuon of EET84300 on the left axis. the irons conmaining
ding trom Kendall County on the bottom axis to San Cristobal

—~().68%e. diamond

Au contents >2 pg/g. The other. Vermullion (A0 =

Wasson (1985). cquilibrium between these phases leads to the
opposite trend. Thus. Fs > [Ia indicates that rcduction was
ongoing as Wmperatures fell. Diftusion ratcs arc appreciably
Jower in pyroxcne than olivine. thus the pyroxene preserves an
carlier. more oxidized state. It follows that the original precur-
sor chondritic materials had higher mean olivine Fa and low-Ca
pyroxene ks values. The graphite and carbides common in
these meteorites couid have served as reducing agents provid-
ing the resuiting CO was able to escape (Kracher. 1985). This
discussion ieads to a key question regarding the origin of 1AB:
what were the original FeO/(FeO + MgO) ratios in the silicate
precursors? It would be most usetul to examine whether the
detailed compositions of the silicates vary systematically
among the groups. subgroups. and groupiets.

In our set of meteonites the only silicates that are known to
be FeO-rich are found in Sombrerete. 4 possible member of the
sHL subgroup. According to Prinz et al. (1983), these giobular
silicates mainly consist ot plagioclase and glass together with
minor (modal 15%) Fs;sW0qs orthopyroxene. Thus. these are
not chondritic, but similar to the impact melts observed in IIE
irons that are closely related to H chondrites. However, the low
A'70 value of Sombrerete clearly indicates an affinity to car-
bonaceous chondrites.
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3.5. Some Properties of the Subgroups

Subgroup si.L. overiaps the main group on most diagrams.
and the members are clearly closely related to the main-group
irons. (nc property that can immediately he noted tn Table 218
that several of the members ol this subgroup contamn coarse
silicales.

One sl.I. member. Annaheim. has an exceptionally high (500
pg/g) and reproducibic Cu conent. Values in the remainder
range from 230 in Karee Kloot down to 150 in Bahjoi and
Ogallala. As discussed above. a possible way o produce scatter
in Cu values that were initally more unitorm s 10 nucicawe a
Cu-rich phase such as Cu metal lollowed by dittusive dramning
of Cu out of the Fe-Ni metal.

Subgroup s[.M includes all the mewones onginally as-
signed to HIC by Wasson and Schaudy (197 1. These have now
heen augmented by Egvekinot and the sthicate-neh sron Mal-
wahshe (McCoy et al. 1993). Coarse silicates are abundant 1n
Persimmon Creek which, because i Niocontent iy 1S mgig
higher than cxpected from the sE.M trend (see big. 2a) we
designate 1t an anomalous member ot the group: on some
diagrams (Ni. Cu. Sb) Persimmon Creck could be assigned L0
o[.H. The only other sL.M containing coarse stlicates 1s Carlton
(Kracher and Kurat, 1977) and cven here (hey are Sparse.

Subgroup si.H includes all the meteorites assigned to group
111D by Wasson and Schaudy (1971). The only member of this
small group to contan €oarsc siljcates 18 Dayton: these rare
assemblages were first reported by buchs et al. (1967) and more
completely characterized by Prinz ct al. (1982).

3.6. Other Meteorites Associated with the 1AB Complex

There are many ungrouped irons that show compositional
links to group [AB. It was theretore necessary to cstablish
criteria for relatedness to the {AB compiex. Initially we mainiy
chose irons having high Au and As values and other features
similar to those common in the high-Ga (>S50 ug/@) IAB irons.
Then. alter working our way through the data scts tor the main
group and the five subgroups. we chosc the following compo-
sitionai threshold values tor possible membership in the IAB
complex: Au >1.3 pgfg. As > 10 pglg. Co >39 mg/. Sb >180
ng/g. and 0.4 = Ge/Ga <7. Some meteoriles were included cven
though we had no Sh data; we interred that these meteontics
belong to the 1AB complex based on concentration data for
other elements (or. for the main group. {from extural observa-
tions). The criterion based on the Ge/Ga rauo climinates some
meteorites (Dehesa, Soroti. Yamato Y7503 1) that arc otherwise
compositionaily similar t0 {AB-complex irons. Because Ge and
(Ga tend to [racuonale so coherently. we feht that this criterion
was usciul. but it is possible that future studics will show that
these deserve inclusion in the IAB compicx.

In addition to the meteorites assigned to the main group and the
five subgroups. we show data on Figs. 2 and 3 for five duos (pairs
of more-or-less related irons) and 17 solos that. on the basis of
these criteria. appear 10 be members of the IAB complex. The data
for the duos arc plotted as filled triangles that are obviously related
on most diagrams. The solos are shown as open squares.

In some diagrams these ungrouped irons may plot within the
field of one of the groups of along an extrapolation of a group
trend. In Appendix A we briefly discuss each of these cases and
discuss the compositionai data that convinced us that these

irons should not be assigned to one or the other groups. The
compositional evidence nonetheless supports the view that the
ungrouped irons listed in Tables | and 2 have properties con-
sistent with assignment to the broad IAB complex. and that
most if not ail formed by the same processes that produced the
members of the groups.

4. TRAPPED MELT AND NONMETALS IN [IAB

4.1. Evidence of Trapped FeS-rich Melt in Irons in the
IAB Complex

Most LAB irons contain moderately large (1- to 5-cm) ellip-
soidal troilite nodules. These contain variable" amounts of
graphite: for examplc. Buchwald (1975) observed a graphite
{raction of (} to 50 vol.% in the nodules of Gladstone (iron). We
refer to these objccts as troilite nodules even though the graph-
ite fraction can be large. The troilite nodules are surrounded by
shells of cohenite and schreibersite >1 mm thick. They also
contain minor phases including silicates and chromite.

The solubility of S is very low in metallic Fe-Ni: Dg < 0.01.
If we assume that Dg = 0.005 and that typical S conteats of
IAB melts were 200 mg/g or jess. we calculale a maximum
content of S initially dissolved in the solid metal of 1 mg/g. In
Table 3 we list the S contents estimated for IAB irons by
Buchwald (1975). including scven meteorites that belong to the
main group. Buchwald also listed a value for MG Burket, but
closer cxamination showed that this low value (1.7 mg/g) is
based on a bulk chcmical analysis: because it seems unlikely
that the analytical sample inciuded a representative amount of
FeS inciusions. we rejected it. His high S value for MG Bogou.
20 mg/g. is based on an arca of only 83 cm?: we list it but do
not include it in the IAB mean. All values are >4 mg/g. We
also list an cstimated S content obtained by R. S. Clarke
(personal communication. 2001) for the United States National
Museum (USNM) El Taco slice of MG Campo del Cielo.

Buchwald also provided S values for what he cailed group-
-Anom meweorites and for some other [AB-related irons such
as Mundrabilla and Waterville. One I-Anom iron. Bendego, is
now assigned to group IC and not closely related to [AB; the
other four arc listed in Table 3. Of these. only Persimmon
Creek is assigned to onc of the subgroups: as noted above, itis
a compositionally anomalous member of sLM. Pitts is a mem-
ber of the closely related Pitts grouplet.

In magmatic group HIAB melt seems 10 have been trapped by
stochastic mechanical events such as the collapse of the core (or
core-mantle) structure (Wasson. 1999). However. the relative uni-
formity of the FeS distribution in most [AB irons suggess that
they were trapped as a result of the rapid solidification of the meit

The moderately high abundances of FeS obtained by modal
integration (Table 3) suggest that most LAB irons inciude large
melt fractions. If we knew the S content. we couid use these
values to obtain the melt fraction. [n terrestrial layered intru-
sions the composition of the parental melt is estimated from the
chill zone at the edge of the magma chamber. Here, unfortu-
nately. we do not have field relationships that allow the unam-
biguous recognition of such chill zones. Nevertheless. there is
reason 1o believe that we have some chill zones, particularly in
the silicate-rich members of the IAB compliex. For exampie, the
section of Pitts illustrated in Buchwald (1975) shows many
features that could reflect quenching of an FeS-rich melt mixed .

B
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Table 3. LAB irons tor which Buchwald (1975) reported S contents.

Au Ni C P S ares
N Meteonte (ug/g) me/g) (mg/g) (mg/g) (mg/g) (cm?)
@/ /‘gogou‘ 51’0010 165 LK — L7 20 83
Campo del Ciclo |49 o6 8 — 25 4° 4000
Canyon Diablo 1.53 693 10 26 10 1620
Gladstone (iron) 1.49 K] — 27 I 900
Odessa (iron) 161 o9 2 25 5 $00?
Toluca 1.72 80.2 — 1.6 7 3100
Wichita County 1.56 579 — 2.0 12 348
Youndegin 154 n8 3 6.4 25 43 204
Other than main group
Mertzon 1S3 “) 8 — s 14 . 80
Mundrabilla 1 64 TR0 10 2.6 80 >10007?
Persimmon Creek I 54 47 — 20 30° ~30?7
Pitts 170 27 — 20 97° 24
San Cristobal 200 12 — 1.8 40¢ >1607
Waterville 163 hA 5 30 30 80

* Bogou auta based on small (80-cm*) section ot inciuded i MG mean.

" The $ contents of Campo del Ciclo. Pitts. an., Perimmon Creek are for the silicate-tree traction. The listed Campo del Cielo S value is a rough
esumate made by R S Clarke for the large L SNM El Tuco shice. the Pitts § value 1s our esimate: Buchwald (1975) gives a lower vaiue of 60 mg/g.
- Buchwald (1975) gives 40 merg S 1n the Sar Cristobal tedd. but 30 mgsg mn his Table 30.

with abundant sihicates. The structure ol Persimmon Creek.
which we designate an anomalous member 0 the sLM sub-
group. is similar.

Our modal analvsis of a photo of the Pits secuon vielded a
S content of 97 me/g 1n the combined metal FeS portion of this
small (27-cm) section (USNM 1378). Aithougn the uncer-
tainty is high because of the small area of the secuion. this
provides a rough esuimate of the S content o° one IAB meit. The
main-group data summarized in Table 3 -uggest that the S
content of the main MG meit was severai umes smaller.

At the other extreme from Pitts is the lurge (5600 emy El
Taco slice of Campo del Cielo at the Smithsonian Institution
'Fig. 78 in Buchwaid. 1975). Despute tne warge doundance (4
vol.%) of coarse silicate inclusions. the masimum S content of
this specimen 1s only ~1 vol.% FeS. equivalent to ~4 mg/g §
{R.S. Clarke. personal communication. 2001, The relaunvely
high Ga. Ge. and Ir and low Au and Ni conients ol Et Taco are
also consistent with a low melt tracuon

4.2. The Nonmetal Composition of IAB Melts

Buchwald also esumated P contents tor assentially all 1irons:
we list in Table 3 his values for the irons 10 » hich he estimated
S. Estimates of the contents of the less abundant nonmetals are
most casilv obtained from the irons having the highest S
contents and thus the highest meit fracuons From the values
tabulated for high-S MG irons in Table - we esumaie a SP
ratio of roughly 5 g/g, similar to estimates tor the magmatic
groups (Wasson. 1999). The S/P ratio tends to be higher, ~10
g/g. in the {AB-related irons.

The C content of [AB irons can be quite high. Buchwald
(1975) lists a few vatues obtained by moda. integrauon. and we
have tabulated these in Table 3. His three MG C values range
from 2 mg/g in Odessa 10 10 mg/g in Canyon Diablo. Moore et
al. (1969) and Lewis and Moore (1971) used a milling tech-
nique to obtain reasonably representative sampling of minor
phases (including carbides). The highest C concentrations they

observed are in the 1AB irons Dungannon (4.55 mg/g—Lewis
and Moore. 1971) and Rifle (1.8 mg/g—Moore et al.. 1969).
The mean of all their [AB values is lower. 0.80 mg/g. We
suspect that. despite the milling technigue. these authors did not
adequately sample the C associated with large FeS nodules, and
we suggest that the mean initiat C content of main-group metal
was =2 mg/g and that the C/Fe rauo was =0.01. Buchwald’s
modal integrations are o0 sparse to allow strong conclusions.,
but they suggest a mean C content In MG irons around 4 to 5
meg/g. similar to the Lewis-Moore Dungannon value.

5. FRACTIONATION OF IAB METAL BY CRYSTAL
SEGREGATION. NOT FRACTIONAL CRYSTALLIZATION

5.1. Main-group Trends as Indicators of the Style of
Fractionation

Our results show that most element-Au main-group fields are
compact and also that the fields in the three ciosely related
low-Au subgroups arc reasonably compact (for the elements
piotted on Fig. 2) and have wends similar in siope to those in
the main group. Mainly because the data sets are smailer, there
is generally more scatter in the fields of the subgroups than in
the man group. The similarities in the properties of these
element-Au fields offer important new constraints on possible
models for the formation of the |AB groups.

As discussed above. the membership (and. thus. properties)
of the high-Au subgroups are iess weil defined than the low-Au
subgroups. Although we think it probable that these also
formed by the same processes as the main group, we suspect
that additional data wiil show that some of the listed members
of the high-Au sets are outliers, and we therefore do not attempt
to discuss their formation in the same detail that we devote to
the main group and the low-Au subgroups.

5.2. The Fractionation of Ir in the IAB Compiex

Past arguments for attributing a nonmagmatic origin to IAB
inciuded the small range in Ir and the low slope on Ir-Ni
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Fig. §. Our Ir data arc plotted on (a) ir-Au. thi Ir-Ax. and (©) Ir-Ni
diagrams. With {he exceplion ol SCVER 1ons (he lr contents of man-
group srons |all between 4.86 and |.35 me/g. honzontal lincs mark
these fimuts. On cach ot the diagrams there ts a weak downward trend
accompanied by considerable scatter (much larger than cxpenmental
crmor including samphing). Mean compositions arc shown by arcies.
and cstmatcd liguid-sohd mixing curves are passcd through these.
Straight lines starung on the upper lett of the main group on each
diagram show how solid HIAB tracks comparc in siope. A 111AB liqud
wack ling s shown only for Ir-Ni: those for lr-Au and ir-As arec above
the upper Au and As limits of these diagrams.

diagrams (Wasson. 1972: Wasson et al.. 1980). and these arc
still imporant arguments. In Fig. 5 we show the data for the
[AB main group and the five subgroups and the three grouplets
on Ir-Au. Ir-As. and Ir-Ni diagrams. For clarity, the ungrouped
irons are not plotied. Thin horizontal lines show the upper and
lower limits of the Ir values that we included in this main

discussion of 2 fractionation model. In secuon 6.5 we suggest

that the values outsidc these {imits show the effects of frac-
tionai crystallization. and shouid be excluded from the follow-
ing discussion of a cryslal-segregauon model.

There is too much scater on the three diagrams in Fig. 5 to
justify an cxact determination of the slopes. We show two sets
of lines on cach diagram: the curve through the data is a rough
fiv generated by mixing cquilibrium solid and liquids. The
straight lincs arc {IIAB solid and liquid ¢volutionary tracks.
hased on Wasson (1999) and unpublished fits to the IAB
Ni-Au data. and modificd here 10 produce an initial solid having
the composition 63.0 mg/g Ni. 10.1 mg/g As. 6.0 mg/g ir. and
1.39 mg/g Au. The bottom ends of the solid tracks are truncated
at an Ir content of 1.4 mg/g. .

If we tirst focus on the ir-Au diagram (Fig. 5a), we see that..

with the exception of seven outliers having Ir contents outside
the dense main-group cluster (demarcated by the thin horizon-
wal lines). the total range in Ir is only a factor of 3.6 (from 4.86
10 1.35 mg/g). There 15 3 downward trend. which we have
roughly tit with a mixing-curve. Il one were to exclude the five
main-group members having the highest Au contents. the mix-
ing-curve slope could be increased by a factor of 2. If. in
contrast. we have mistakenly scparated the sLL subgroup from the
main group. the slope esumate would be smalier. If we were (0
claim that si.H and sLLM members tormed in the same fraction-
ation process. wWe would again obtain a stceper slope. But a
glance at the quantized way these three ficlds plot on the Ir-Ni
diagram (Fig. 5¢) as well as the Ni-Au and Co-Au diagrams
(Figs. 2a. 2b) makes the last proposal appear implausible.

The modificd [IIAB solid (sol) and liquid (lig) tracks plotted
on the diagrams in Fig. 5 offer some perspective if not clarity.
Looking first at the Ir-Ni diagram (Fig. 5¢), we see that the
slopes are much too steep 1o yield usclul fits of the MG data.
This is the basis of past conclusions that IAB did not form by
{ractional crystallization. Note the position ol the liquid curve.
Adding trapped melt to the solid could fill up the compositional
space between the solid and liquid curves. but this would still
not account for the majority of the MG data.

In contrast. the siope of the solid fractional crystallization
(EC) track on the Ir-Au diagram (Fig. Sa) is about the same as
the mixing curve: the liquid track is off scale to the right side
of the diagram. If we moved these two curves 0 Au values
~10% lower we could account for thc main-group irons by
mixing equilibrium solid with minor amounts of meit. Note
nowever that. in such models. the mean compasition of the group
is the same as the initial meit composition. roughly at 1.3 uggIr
and 3 pglg Au: thus, this FC model would require that the
(errestrial sampling of IAB core be strongly biased. Although
this cannot be ruled out. the uniform abundance of main-group
irons across the entire ficld suggests the opposite. that a rea-
sonably representative sample set is available. Our interpreta-
tion of the Ir-As plot (Fig. 5b) is similar to that for Ir-Au.

Although most of the main-group Ir-X trends are adequately
explained by mixing (or unmixing) equilibrium solids and meit,
it is clear that the lowest Ir values (0.06 pg/g in Zaffra) cannot
be produced by mixing alone if these formed from the same
magma as the cluster petween the horizontal lines (Fig. 5). The
maximum reduction relative to the mean composition that can
be achieved in the liquid in a metal-rich system is Dy, (which
scems not to have been greater than 4). Since the mean Ir
concentration is near 2 ug/g, the lowest Ir content that can be
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Table 4. A list of IAB properues that must be explained by 3 successful model. ’ .
Propeny Implied constraints
Chondniug stheales Temperatures not hot enough to meit plagioclase ur urmes 100 short (o peanit
A appreciable mgrauon
Silicate plagiociase content S vanable from clast 1o ciast Temperatures (and shear torces) vanied on scales of a few tens of cm
Pamordial noble gases abirldant High-temperature penod 100 brief to permit diffusive escape of nobic gases
from trapping sies
(ias-retenuion ages high Matenal cooled to blocking tcmperatures within 100 ka
A0 values < —0.3%e parental chondnuc matenals were closely related to carbonaceous chondnites
High Fe$ contents common S contents of meits relauvely high (perhaps 20 mg/g in MG melt. higher in
some others), melt trapping was common
High C conlents are common Apprectable C was available in the source: C played imporant role in
determunung sohid/liquid distribution ratios for the siderophilic clements
Ir fracuonations munor comparcd to magmatic roups Fracuonai crystailizalion not domnant fracionation mechanism (in $-rich
systems. Dy, 13 high. =1 a few cxueme valucs may require fracuonal
crystallizauon)
y crystals small. 240 em Cooling through y-tron stability ficld too rapid to allow diffusional grawth of
large crystals
X-Au trends 10 Jow-Au subgroups ahimlar o those n MG Same tractionayion secnano applies to each of these tour proups
schieved by crystal scparation v 5 pwg Wo lheretore reported in the silicalcs of Campo del Cielo. Landes. Pitts. Udei
suggest that these low values were tormed cither «1in small Station. and Zagora. These concentrations are similar to thosc
\solated regions cooling siowly cnough to tractionally crystal- observed in whole-rock samples ot lightly metamorphosed
lize the magma and having dimensions large encugh that dil- (type-3) ordinary chondrites. Thus the period of time spent at
{usion 4l lower emperatures was not able to crase the compo- cmperatures > 1200 K must have been quite brief. otherwise
quonal gradients, or (2) from parcntal melts formed in events concentrations would be much smaller. Based on their study of
that produced much fower Ir conwnts. 4s observed 1n some MG Bohumikt :}\daruoka et al. {2001) reach 2 similar conclu-
impact melts documented n ordinary chondnies tRubin. 199S). siony Although ity quesuon whether metallic meits could have
Such large tractionations can pe produccd dunne mpact events aver been present. it scems clear llé_at these are demanded b th
hy sclecuve volatilization and recondensation at another loca- observed fractionalions. and lhal:glhfe‘r ;'ossmililics Aw
tion of all but the most retractory siderophules. survival in silicates that did not reach such high temperatures of
in retractory phases such as graphite that were not destroyed
6. A SCENARIO: CRYSTAL-SEGREGA TION during the brict lifetme of the metatlic mel
FRACTIONATION IN A IMPACT-(‘F,NFRA1 ED MAGMA
N ) Ages based on Rb-Sr and Sm-Nd are ~4.§ = 0.1Ga (isogard
6.1. Some Constraints ct al.. 1968: Takeda ct al.. 2000). Ages that requirc gas rewn-

tion (I-Xe. “CAr-*’Ar) arc similar. thus ditfusionai hlecking
lemperatures (or the host phase of K and [ were rcached wn @
lime scale ot ~100 Ma or less (Niemeyer. 197%a. 1479h.

Fine silicatcs arc ubiguitous 10 irons of the fow-Au IAB
irons. it appears that. it one scarches diligently. on¢ can und
100-pm grans in cach iron. And. when larget grain aggrezaes
are found. they generally have chondritic charactenstics (the
dominant minerals arc matics. the minor plagioclase 15 aimuc).
The challenge then is o explain how the metailic meits neees-
sary to produce the observed fractionations could have erasted
without these silicates scparaung buoyantly (rom the metalic
melit. In our opinion. this can only mean that the viscosity the
meit became large on a time scale short compared to tr< ume
necessary tor silicate grains (o separate from the metl

Of course. at constant density of the body. the gravitau:mal
field scales lincarly with the distance from the center. znd

The main teatures that need to e explained by @ successtul

4 IAB model are summanzed in Table 4. Among the most important

are the clemental (racuonauons m the metal ard the numae

assoctaton ot noble-gas-nch chondnug sticates 21th the metal.

The chemmical lracuonatons in the tour low-Au groups are now

well defined. They ditter from those n the magmauce groups

hoth in terms ol the limited amount ot tracucnauon tn cach

group (with ‘4 MG exceptions. only a tactor ot 40 Ir:only a

ractor ol 1.3 in Au) and the higher number ol ungrouped 1rons
occupying the compositional space nedr the groups.

The fractionauons observed in our data sots drc almost
certainly associated with metallic melis. In the melts that gave
hirth to the magmatic groups. the caoling was ~low cnough to
permit the magma 1o remain well mixed (by convecuve sur-
ring) and thus produce fractional crystallizauon f-or this reason
alicates are cssentially unknown in the magmauc groups.

When present. they are Iractionated (ot cnongnnc s und somes huoyant veloctties can be quite smail near the center © : the

\imes (like the tridymite veins n IVA Gibeont appear to be hody. If we assume that the initial melt had a relauves z3gh

condensates deposited in cracks. viscosity of ~S0 poise (cquivalent to a heavy syrups. he

The coarse silicates in 1AB irons are commonly chondritic: silicate density was 3.1 g cm -3 the metal melt density a8

thus wmperatures were genrally lower than the plagioclase 7.7 g cm . the bulk density of the body was 3.0 g cm " end

solidus (briet high-temperaurc excursions too short 0 allow the distance trom the center of the body was | km. we caLwale

melt migration may have occurred). These siicates have high that a 100-pm-diameter silicate grain will rise 5.4 mn & »<al.

contents of noble gases: for examplef. the compilation of or 45 cm in a month. Viscosities vary exponentially bot mud-

’)9) Schultz and Franke (2000) shows that spau‘asggn-conecwd pn- erately with temperaturc. pure Fe metal liquid has an acuaon
_AQ4 mordial *®Ar concentrauons =8-107% cm® g~ ' have been cnergy of 44 kJ K~' mol ! (Brandes and Brook. 1992;. -
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requires lemperatures o drop ~300 K 10 changc]hc viscosity
by a factor of 2. In the scenario given below. the initial melt
included suspended crystals. and the increase in viscosity with
cooling was probably mainly the result of an increase in the
fraction of such suspended crystais.

Not only did the meit cool rapidly. the metal also cooled through
the y-iron ficld at a relatively high raw. Based on ditferendy
orientcd Widmanstiticn patems. Buchwald (1975) reports [AB
y-iron crystals to have dimensions 1n the range 2 o 4 ¢m. These
wcstfy o a high-icmperature cooling process far more rapid than
that experienced by the IIAB irons. in which the demonstrated
sizes of the largest y-iron crysals arc >2m {Buchwald. 1975).

6.2. Originai Mass of the MG Materiai

An important question is the onginal mass ot MCi metal. The
problem can be approached by esumaung the mass Hux ot MG
material (o the Earth and using cosmic-ray ages o csumate the

removal (i.e.. de ant in the cquanon:
&od.

=AM N
where dM/dt is the rate ol mass joss and M ts the mass of
material in the part of interplanctary space that 1s feeding MG
meteoritcs to the Earth. There are many assumptions that go
into such a calculation: thus. the results are only illustrative.
Lrrors could casily be as much as an order of magmtude.

fron metcorites account tor ~0.04 of the mewonites that tall.
this is the value that onc obtains trom Cirady (20000 atter
climination of the results for unclassified irons. The fraction of
irons that belong to the main group is ~0.15. We therefore
calculate that 0.006 of the melteoritic matter accumulating to the
Larth consists of MG irons.

As cmphasizcd by vanous authors and shown as a plot by
Kyte and Wasson (1986). cvidence (rom craters suggests that
the mass of accreting matenal per jogarithmic mass interval
increascs with increasing mass. FFor that reason. the results are

@quua dependent on upper limit on the mass that onc uscs.

We inlcgrated the mass function recommended by Kyt and
Wasson for the mass range 102 10 10'% g (the upper limit
approximatcly corresponding Lo the size of the MG Canyon
Diablo meteoroid that created Meteor Crater) and obtained a
terrestrial MG mass flux of 99.10%" ga ' We then arbitrarily
increased this by a tactor of 4 o allow {or removat mechanisms
other than accretion to the Earth. and hy a lactor of 2 10
approximate the amount that was present immediately after the
disruption events that started the cosmic-ray clock running.
The mean MG cosmic-ray age obtained by the *K-“'K
method by Voshage (1978) and Voshage and Feldmann (1979)
is 712 Ma. However. Lavielle ¢t al. (1999) showed that these
ages arc systematically high by factors of 1.4 to 1.5. We
therefore used 500 Ma as the mean MG cosmic-ray age. lcading
to a decay constant of 2.10° a~'. From this removal constant
and the estimated removal flux 500 Ma ago. wc calculate a
mass of MG material of 2.4.10'¢ g. or (at a density of ~ 8g
cm -3 a volume of 3 km’. If. as Wasson and Ouyang (1990
suggested for Canyon Diablo. the largest members of the set
include large quantities of silicates. then the mean density
might be around 4 g cm -3 and the volume 6 km?. Of course. as

already stated. these estimates are very rough.

of
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6.3. Heat Source

The distribution in compositional space of irons from the IAB
complex is much more diffuse than the distributions observed in
the magmatc groups and nearby compositional space. This and
the preservation of chondritic compositions. the preservation of
planetary-type rare gases in the silicates. the retention of silicate
grains in the meit and the small sizes of y-iron crystals are best
understood in terms of rapid heating and cooling. This temper-
ature history seems best provided by large impact events.

It is clear. however. that these events were very different
from the cratering events that have been weil documented on
Earth. Moon and. to lesser degrees. on other planets and satel-
lites. Such impacts of low-porosity projectiles into low-porosity
largets are relatively incfficient at generating melt (Keil et al..
1997). Most of the impact energy goes into translational motion
of crater ejecta, and the most heated material is ejected at
velocities that exceed the escape velocity from the asteroid.

[n contrast. if the target asteroid is highly porous. the projectile
may penetrate relatively deep. and much of the energy may be
retained within the body. both because compression of porous
materials leads to a more etficient conversion of kinetic encrgy t0
heat (Melosh. 1988, p. 41) and because the heated material is
largely burned under insulating (mega) rcgolith that does not
escape the body. As noted by Wasson (1991). the ideal target for
producing meit is highly porous (this maximizes the conversion of
Kinetic impact energy to heat). fine grained (the centers of grains
must be heated by conduction). and dry (wet targets lose much of
the deposited heat in the form of escaping steam). Because it
seems clear that most materials agglomerated in the solar nebula
were highly porous (as well as fine-grained and dry), such ideal
targets must have been common early in solar-sysiem history.

Even atter the collisional compagction of, t(t‘lese early materials. ih. densi
1gh (micro or macro) — wdi catt

some asteroids such as Mathilde
porositics today (1.3 g cm 3. Veverka et al.. 1999).

The mean impact velocity in the asteroid beltis ~Skm s~
(Bottke et al.. 1999). and the primordial value was probably
about the same 4.6 Ga ago. There is a considerable spread in
impact velocitics. from ~1 to 10 km s ~'. The kinetic energy
deposited by a 1-g projectile moving at 5 km s ' is 125 ki it
requires ~1.3kJ g ' to meit chondritic matter (Wasson. 1985,
p. 77): thus if this energy is entirely converted to heat. there is
cnough to meit ~9 g of target plus projectile. For a typical
asteroid in the inner part of the Asteroid Belt ~20% of impact
velocitics are >7km s ' (W. Botike. personal communication,
2001): these impacts could meit an amount 2% larger.

Complete tocusing of heat into the immediate surroundings
is. of course. unrealistic. Even if no ejecta escapes the body,
some heat will be deposited into more distant materials. Be-
cause heat transport by conduction is a slow process, the
efficiency of melt production should increase with the size of
the event. Although we are unabie (0 make a precise esimate,
we suggest that large (>100-m) projectiles are capable of
producing appreciable mefling, the amounts being comparable
to the mass of the projectiie.

6.4. Meit and Crystal Transport

As shown particularly well in large sections of the Portales .
valley chondrite (e.g., Fig. 2 of Rubin et al.. 2001), metallic

dies
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Tuable 5. Assumed D values and imual melt concentra

uons tor the main group. These values were used 10 generate the solid/melt mixing curves

plotted 1n Figs. 5 and 6. Concentrauons in ugg except Co and NI 1n mM/g.

Element Co M Gau Ge As w Ir Au
Assumed D vaiue 0.90 180 L 27 042 29 3.0 0.74
Main-group mean 164 HEY %65 359 12.8 1.22 2.60* 1.55
100% melt 481 73 ~3.9 221 16.1 0.72 1.53 1.1
30% meit. 70% sold 147 %) 1026 483 9.58 1.68 3.67 1.40

+ One tugh and six iow Ir values exciuded trom mein. see el

impact melts are common 1n |mpac1-ullcrcd crondntes. Ac-
cording to Stoffler et al. 19911, tnese can form et ower ~hock
pressures than silicate melts. Qur umpressien v that metalhic
melts are also more common (nan Gate et 1 Lnonunies
that show Massive yCInIng (veins ds MUCA ds ct eral mm wide
ind several cm tongy. fLthus seems plaumibie that metal-tronite
v more easily melted than qilicates dunng ympact cLonts

Because silicate and metal melts are immuscibie and CTONSIY
different tn density. metalhc metts wiil tend o segregate. it
their viscosities are low. thev will tend t© tow downward
through the chondntic rubble unui the feading cdee has covled
iprobably by heat exchange with cooier sthicates) wuincienty
that 1t no longer tlows. al which ume some ponding LeCurs.
Note that this process suggests that the melt may »op towing
near rubble that expenenced less heating. a suendnao that helps
explain why silicate clasts seem less thermalls altered (and
retained noble gases) than were the chondntic precursors
heated to generate the melts.

It is probable that there were some metal grauns that did not
fully melit. and thus that there were abundan: ¢rystalhizauon
nuclei in the melt. These would have cradually grown mnsize as
\he melt cooled. The presence ol these grains (N d subliguidus
mett will cause viscosities o nse very guick unen coohng. We
uggest that the melt onlv nceded t0 cool ~*0 K to trap the
[0)0-um silicates. In a deeply buned melt 11side a boady an
which radial tcmperature gradients were estublished by con-
duction towards the external surface suuh raptd covhing would
not be possible. but a plausible scenano for ramd cooling ot an
\mpacx-gcneralcd metallic melt migrating through tand €x-
changing heat with) crushed silicates that weie snally 100
K cooler couid surely be constructed.

Returung to the migraung melt scenanc. coaguiation ot
these metallic grains may have produccd s1/Ch that were 100
large 10 pass through narrow passages It 1ne rubble. These
coaguiated matenals would have trapped some 0! the meit. This
1« our scenaro for producing fractionation by crystal separa-
o, 1t the metallic grams were sult smal ar the ume the
coagulated matenals were segregated. the sohids and meit
would have been more oOf less in equilibnum throughout the
settling process.

We should note that the crystal segregation process envi-
sioned here is fundamentally different from the fractional crys-
rallization that occurred in the magmatic :roups. Fracuonal
crystailization requires that the volume ol the meit be semi-
infinite compared to the volume of the grow:ng solid interface.
and that the melt remained well-mixed dunng differennai crys-
tallization and sequestering of the evolving solid. In contrast.
our crystal-segregation process requires that the relative vol-
umes of meit and solids be similar and that tne compositions of

the solid and liquid undergo only minor evolution during crys-
rallizauion. This process is also very different from the meit-
rapping events inferred to have played an important role in the
rormation of group {ITAB (Wasson. 1999). The latter involved
only a uny fraction of a large magma. whereas in crystal
.egregauon the size of the melt is much smaller and the entire
melt is involved.

6.5. Crystal-segregmion Fractionation

Becausc the process we envision is very different from
previously published fractionation scenarios (Wasson €t al.,
1980: McCoy et al.. 1993} 1L seems userul 1o describe it starting
with the point where thc metallic meit (and its load of tiny
crystals) has formed but no bulk fractionation has yet occurred.
If we assume that the main group is well sampled. the initial
bulk composition of this melt is the mean of the main-group
data tabulated in Table 2. This vaiue is listed in Table 5. We
assume that tine {=100 pm) silicates were distributed uni-
formiy throughout the meit.

We also assume that. initially and at all subsequent times. the
coexisting solid and liquid were in equilibrium. Because of the
moderately large amount of scatter. particularly on the Ir-X
Jiagrams 1n Fig. 5. we are sure 1hat this assumption can only be
considered a rough approximation.

To put perspective on the elemental fractionations. we point
out some simple consequences of the model. If we assume that
the iniual melt was essentally pure melt. i.c.. consisted of
—99% liquid and ~ 1% solids. then the initial liquid would still
nave the MG bulk composition. If any of this tiny solid fraction
were 1o separate. it would have eiemental concentrauons equal
t0 Dy X where Dy is the solidAiquid weight ratio and Xn, is
‘he MG mean concentrauon of element X. If. in contrast, the
melt had crysiallized and consisted of 1% liquid and 9%
solids. then the solids would have the MG buik composition.
and anv liquid that managed to escape would have elemental
_oncentrations equal to X, /Dy

[t is improbabie that these illustrauve fractionations were
ever realized. i.e.. it is unlikely that such early pure solids or
late pure liquids could separate from the relatively rapidly
cooling system that we envision. Small quantities of metal
might be left behind as the liquid drained downwards. but these
would mainly consist of silicates associated with minute
amounts of adhenng and interstitial melt. and the solid metal
would probably have such small dimensions that such materials
would not be designated iron meteorites when they fall. Small
amounts of late liquids wouid only separate if there were
hvdraulic pressure forcing themn out of a solid matrix, but liquids

in rubble-pile asteroids will feel no overburden pressure.
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We have theretore based our calculations on the tollowing
oversimplificd model. We assumc that all the crystal-scgrega-
(ion fractionauen occurred at the same lime atter some {raction
i of the melt had crystallized. Untii this point crystallizauon
had occurred much faster than the buovant scparation ol salids
(note that it we had meal and silicate grains the same 176 the
buoyant (downward] velocity of the metal would be = 30X
slower than the upward velocity ot the silicates? and the com-
position ol m-size of larger parcels ol the sohd-melt mix would
still preserve the initial composinon {i.c.. the mean MG com-
position). Scparation of crystals and melt now oceurred. pro-
ducing the main-group clemental Lractionatons.

in addition 1o assuming that the M(i mcan represents the
hulk initial composition ol the meit pius s nciprently crystal-
lizing sohds. we assume that the high-Au cxtreme ot the mamn
ZTOUP ApProXimales the composiaon ul this melt. Concenua-
Lnuns ol key clements an this ntal melt are fintwed 1 Table S

We can now wrnte the mass-balance cquation

x,,,=1--x‘+«|—1v»-x‘ (2)

reler to the conceptratons ol X in the sobd
= Py X, we ldn atso wrnie

where X, and X,
and liguid. respectively. Because X.
this cquation:

X, =D X+l - X (»
Collecting erms yields
X,,,=x"(l—l-‘+|f-l)u=x.-[|ol-(l)‘ -1 (4

The above assumpuions provide us with X,, and X, for cach
clement. There is no unique solution. [nstead. we now roughly
estimated Dy values by using the available laboratory data and
cstimates bascd on tiing wrends in iron meteoric groups. then
adijusted these o give ranges 1n B that seemed reasonahle based
an viscosity and Stokes' law seuling arguments.

Fig. 6 shows simplificd versions ol six ol the diagrams
shown n ligs. 2 and 3. Only the four low-Au groups arc
ploted: grouplets and ungrouped irons (17 solos and 10 10
duos) were deleted. Because. as discussed ahove. the main
group is much better defined than the SUDErOUPS. we limit our
detailed  discussion 0 reproducing s trends. The curves
through the MG data sets show s obtained by the above
crystal-segregaton model.

The parameters used in these fits are listed in Table S, After
trying a range ol 14, values we sct this parameter at (.74, then
fit the other parameters. I'rom these Dy values. the MG mean
composition. and estimates of the liquid composition we cal-
culated the degree of crystallization at the ouwset of the crystal-
segregation process 1o be 35%. These hi parameters arc not
unique: the rends can be modeled with dittering degrees of
crystal separaion and different Dy values. We chose Dy values
hased on laboratory studics (Jones and Malvin. 1990} and based
On ranges we inferred trom our studics of the magmatic groups
LIIAB (Wasson. 1999) and [VA (Wasson and Richardson. 2001).
Because the main-group melt clearly had a high C content (C/Fe
atomic ratio >0.01) and because very little is known about how
C concentration affects Dy values. it does not appear to be
possible to use published experimentai results to narrowly
constrain ranges within which Dy values should be found.

There is a tradeoff between higher (and perhaps more plau-
sible) Dy values and lower (and possibly more plausible) ranges in

degrees of solid scgregation. As noted above. we assumed that the
high-Au (1.7 mg/g) extreme of the MG is pure liquid. We then
calculated that the low-Au (1.4 mg/g) extreme corresponds 0 a
mix of 30% melt and 70% solids. These estimates are consistent
with our impression that the range in meit (and S) contents within
the main group might be around a factor of 4 with bulk S
correlating with Au content. We notc. however. that the S content
of most irons is probably lower. If we had chosen higher Dy
values. thc amount of liquid at the low-Au extreme would have
heen lower and the range of S contents would have been targer.
We argue that any other tcam that would try to incorporate S
estimates. plausibility arguments about viscosity and coaguia-
tion to fit this many eiements by such a model would choose
values not very different than those listed in Table 4.

6.6. Fractional Crystallization

As discusscd above and illustrated in Fig. 5. a tew IAB irons
with compositions consisicnt with membership in the main
group have [r contents that arc well below the main-group
range. We picture that thesc could have formed in rare cases
where pockets of meit cooled slowly enough to allow fractional
crystallization. It the silicates were the chief heat sink. this
could indicate that these melts were surrounded by silicates that
were hoter than thosc near the bulk of the group. Although
these regions were small compared to the total main-group
volume. the size of the fractionated regions must have been >1
m. large enough 10 prevent compositional lcveling by solid-
state diffusion. which may have produced appreciable transport
over distances of 50 to 100 cm.

There arc some ¢ases of resolvable compositional variations
within individual metcoritcs. The largest confirmed range inthe
IAB compicx is about 2 {actor of 1.2 in Ir among the Canyon
Diablo irons (Wasson and Ouyang. 1990): because of the very
large size (ca. 50 m) ol this meteoroid. these different compo-
sitional regions may have been widely separated.

6.7. Compositional Differences between the Subgroups
and the Main Group

There arc quitc large differences in the elemental concentra-
tions between the low-Ni subgroups and the main group. Here
we will limit the discussion Lo cight elements. the seven plotted
in Fig. 6 and Ir. We will limit the comparison with the main
group to sLH and sLM. the two subgroups most widely sepa-
rated from the MG in composition.

There is rclatively litde fractionation in Au among these
three groups (thc mcan Au content in sLH is 1.18X MG, that
in sSLM is 1.09x MG\ and becausc most of the compositional
ficlds show roughly parallel trends. it scems reasonable to
compare the elemental concentrations at the same Au concen-
wration of 1.7 pg/g. Our estimates of these ratios are listed in
Table 6. The most extreme differences in these sLH/MG ratios
range from 2.3 in Ni to 0.017 in Ge.

Because of the similarities in numerous properties including
suructure (¢.g.. silicate abundance). A'70. and metal composi-
tonal trends. it is appropriate t0
variations in formation processes

from the same carbonaceous chondrite starting materials.

Wwasson et al. (1980) and Choi et al. (1995) suggested that

variations in the degree of impact melting couid lead to the
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tig. 6 These six clement-Au diagrams

are the most uscful for discussing compositonal differences among the main

group and the Jow-Au subgroups. and tic possible fractionaton processes that were tnvolved in their formauon. The curves

Jrawn through the man group “how the foce ot points produced by muxing a ligmd with a
cxtreme of the group (right end o the mixing curve. clemental contents
Au limit ol the dragram.

Au content 18 below the lower
contaimng ~807% ot s sohd

main observed composidonal ditferences in IAB {(as then con-
stituted). Por example. Ni contents 1n low-temperature melts
might be high because nebutar condensauon of S on metal would
require removal of Fe from grain surtaces jcading (o an enhanced
Ni content in the layer immediately below the LeS. Surticial layers
of nebular metal might have low conwnts of refractory Ir because
the Ir-rich condensates were sequesicred in silicalcs or because the
cores of incompietely melted Fe-Ni grains were Ir-rich (if refrac-
lory metal grains served as condensauon nuclei).

[t was suggested that Ga and Ge may have mainly condensed
{rom the nebula as oxides. and that these may have only been

composition near the high-Au
listed 1n Table 4) with an cquikibnum solid whose

I'he low-Au extreme of the main group corresponds (0 a mix

reduced in larger, high-temperature melting events. Tungsten is
retractory under reducing conditions and volatile under oxidiz-
ing conditions: iis variations couid result because W was with
Ir in refractory condensates. or hecause W condensed as an
oxide and fractionated together with Ga and Ge. In general.
impact-generated gases should be much more oxidizing than
the H,-dominated solar nebula. As a resuit. elements such as
Ga. Ge. and W that form volatile oxides may be transported as
gases during impact events. thus producing either enrichments
or depletions relative to the parental materials (Rubin, 1999).

Based on these arguments. we conclude that it is plausible
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Table 6. Companson of clcmental concentrations 10 suhg;nups sk.H
and sI.M wuth those 1n the man group. Ratios csimated at @ AU
concentration ot 1.7 mpig tor cach group.

Licment Co Ni (ia Ge As W Ir

sLH/MG rauo 123 23 007 0017 e o1l 008
sE.MMG rano 118 1.7 024 00T 13 028 022

that the low-Au subgroups and groupiets onginated on the sdame
parent asteroid as the main group. Because this casily accounts
{or the similar AV70 values. it is our preterred working model.

6.8. Comparisons with previous IAB Models

Numcrous rescarch teams have atempied W0 account tor the
wxtural and compositional properues ot the 1rons 10 the iAB
complex. A magr ditference between our curment moded and those
by other wams {Benedix et al. 20040 Takeda ct b 2000: McCoy
et al.. 1993: Kracher. 1YRS) is that we inier that the metallic
melt was mainly produced by impact heaung. whereas the other
wams preter internal heat sources such as the decay ut “TAL

Benedix et al. (2000) use IeAl to produce Bive lithologies.
then use iMpacts 1o mix these while the metallic poruons dre
still partly or largely moiten. They mention that the lracuon-
ation of the metal was produced by tracuonal crystallization but
give no detasts. Our model ditfers mainly in using impacts o
produce the melting and to generate silicate clasts (although we
could not rule out multiple generations of impacts). Lurther-
more. we use crystal scgregation 1o rapidly fractionate the
metal in a way that allows the melt viscosity 10 increase ast
cnough o retdin is suspended tine silicates.

Wasson ¢t al. (1980) suggested that cach IAB or IHCD iron
tormed as a scparate melt pool having sizes ranging trom
centimelers Lo ens of meters. Qur improved data set {which
Jhows compact licids and wuil-defined postave or negative
wrends in the IAB main group. as well as parailel trends o three
subgroups having similar Au contents and. morc important.
cimilar A'70 vaiues) requires @ major modilication o th1S
model: it now appears probable that the cntire main group
formed as 4 single melt hody. The compositional ditferences
among the various low-Au groups scem hest interpreted as the
result of formation as ditferent melt pools. possibly within a
single parent asteroid.

7. IMPACT MELTING AS A GENERAIL PROCESS
RESPONSIBLE FOR GENERATING DIFFERENTIATED
METEORITES ON CARBONACEOUS CHONDRITE
ASTEROIDS

There are a large number of differentiaicd meteonte classes
that have O-isotopic compositions linking them Lo the carbo-
naceous chondrites (A0 s —0.4%0). In addition to the sili-
cate-bcaring irons in the IAB compiex and their near relatives
the winonaites. these include the ureilites. the lodranites. the
acapulcoites. the bencubbinites. the Eagle-Station pallasites.
and numerous ungrouped silicawe-nch differcntated meteoriles
(c.g.. Hammadah al Hamra 237). A featurc that many of these
silicate-rich meteorites have in common 1S that they are com-
positionaily closely related 0 chondrites: in many €ases the
difference in bulk silicate compositions can largely be ac-

counted for by the loss of gainofa plagioclase-rich meit.

2 Y

It is extremely ditficult 10 produce such materials from chon-
dritic parents by a heat source such as %Al that releases its heat
slowly over a period of | Ma or longer: deeply buried chondritic
matcrials would reach the same lcmperature at the same time.
Because mechanical fractionations such as the migration of basal-
tic melts into voids of upwards through cracks or the gravitational
scparation of ;mmiscible metal and silicate liquids occur on
time stales that arc many orders of magnitude shorter than
those of the radioacuve heat sources. these eifects should occur
more or less unitormly throughout large (km-size) regions.

If such an inernally heated system produces minimal melt-
ng. the first physical phasc scparations consist of the loss of a
plagioclase-rich silicate liquid and/or an FeS-rich metallic liq-
uid. leaving behind an inumate mixture of mafic silicates and
metal: textures would be coarser than those in the precursof
chondritic silicates. This process could explain some features of
\hese differcntiated meuorites. but it cannot explain the situa-
1ion observed in Campo del Ciclo in which the degree of loss
ol a low-wmperature plagioclasc-rich melt is highly variable on
4 scale of centimelers (Wlotzka and Jarosewich, 1977.

If extensive (perhaps 50%) melting is produced. the asteroi-
dal body will diffcrentiate into a central core. mantlc. and crust
(Taylor et al.. 1993). It appears that. in the iron-meteorite parent
aswroids. such cores commonly tractionally crystallized. Thus a
sccond problem with an internal (c.g.. 2*A) heat source is that the
heat release must be carcfully controlied. Too little heat yields no
phase scparation. 00 much produccs silicate-tree magmas. exten-
sively fractionated iron-metcorile suites such as the [IIAB irons.
and classic igneous rocks such as the basaluc eucrites.

In summary, cven with small degrees of heating/melting pro-
duced by 26 A1 decay it scems impossible to prescrve chondritic
compositions in adjaccnt samples. In such slowly heated (and even
more slowly cooied) material. it also scems impossible to avoid
Lhe escape of rarc gases (i.c.. from the sites that contain primordial
gas or “’Ar produced by in siie decay of 4Ky Primordial gas has
neen largely lost from cucrites and diogenites: where much gas has
heen retained (as in urcilites). it implies 4 much more rapid
wmperature history. Many additional problems occur if extensive
melting occurs: these include the fractional crystallization of the
metal and the buoyant scparation of smail silicates from the
metallic melL or small metal grains from silicate melts.

For the above rcasons and also because of textural evidence
(here have been many proposals suggesting an impact origin of
{cawres preserved in the differendated meteorites (such as
lodranites and urcilites) that were formed by the incomplete
melting of carbonaccous chondrites. We sugpest that there are
no proven exceptions to this generalization.

8. SUMMARY

A reevaluation of data on 12 elements in 1AB. and closely
related iron meteorites (including those earlier called [ICD)
reveals the presence of a weil-defined main group, three
low-Au and two high-Au subgroups. (wo fow-Au grouplets.
and 25 related ungrouped irons. The compositional trends are
most sharply defined on Ni-Au diagrams. but differences can
also be recognized on several diagrams (Co-Au. As-Au, Ga-
Au. Ge-Au. W-Au. and Sb-Au). Because it includes 70+ -
members. the trends in the main group are particularly well _
defined. Although there is more uncenainty in the subgroup
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APPENDIX

‘The composiional fictds around the man group and the five sub-
groups arc nich in ungrouped irons. As discussed in section 3, our
critenia for scparating these from the three groups were mainly based oo
(he taxonomic elements plotted against Au in Fig. 2. In some cases we
also needed to usc one or more of the four elements piouted in Fig. 3 10
confirm the ungrouped nature. As noted above. n contrast (o the peactice
of Wasson et al. (1980) and Choi et al. (1995), our current view is that kr
{plotied in Fig. 5) is of secondary inwwwefmdmiﬁaﬂm:md
suspected sampling problems Cu (Fig. 3c) is also of limited value.

In Fig. Al we show the posiuons of the 27 ungrouped irons plotted
on the same four ficlds used n Fig. 2. To bring out the positions of the
ungroupcd rons. we climinated individual points for the group mem-
hers and instead outlined the ficlds they occupy. The positions of the
yrons 10 the two grouplets are shown by small symbols!

Plotied as tilled tnangies on Figs. 2. 1.and Al arc five pairs of irons;

the members ol thesc duos arc closely rciated to each other. but not
closely related to the groups of the solo irons discussed below. For
copvenience 1n locating these wrons on the figurcs. they are discussed in
order of increasing Au contents. which arc tisted (in units of ug/g)
\mmediatcly after the names.

The lowest Au conients are in the Algarrabo duo. which consists of
Livingston (TN} (1.42) and Algarraho (1.46); these 1rons plot relatively
necar the main group on most diagrams. but Ni and As are high, Co and
Ga are fow. As can be scen in Tabic 2 and Figs. Al and 3, concentra-
nons of axonomic clements. with thc excepuion of Co, are similar in
the two wons. The Ir differcnce 1s also large, a factor of 13 although Ir
s of scoondary value for classification. this difference is larger than
could be produced by crystal scgregation if D, is around 3 t0 4, as
suggested n the text. The Co difference of 7% is also slightly larger than
ohserved among MG irons having simiar Au contents. Buchwald (1975)
notes that the structure of Livingston (TN) implies shock and recrysiali-
sation following the 1nitial formauon of the Widmanstatten patem. and
that graphite 18 common. Algarrabo is paircd with the new iron Ovalle;
detatied structural observations arc not avaiiable. but Lindner and
Huchwaid (198%) report that cohenite and graphite are preseat.

The members of the Mundrabilla dun. Waterviile (1.63) and Mun-
Jrabilla (1.64), arc FeS-rich irons, closcly rciated o cach other in
structure and compusiuon. They arc within the sLL scauer ticld on
most diagrams. but plet slighty jow on the Ga-. Ge-, and W-Au
diagrams. Because of these discrepancies and their very high FeS
contents. we fist them as ungrouped but they couid also be designated
anomalous members of the sLL subgroup.

The two meteontes of the Britstown duo, Britstown (1.93) and
{:lephant Moraine EET96009 (1.98) are, on most diagrams, located
more or less along an cxtrapolation of the si.M trends to higher Au
values. However. their Ga. Ge. and W values are much higher than
cxpected from such an extrapolation. They are quitc similar to each
other in compositon. the only moderate differences being higher con-
icnts of Ga. Ge. and W in Britstown. A striking shared characterigtic is
extremely high Sb contents of 2100 and 2600 ng/g. Britstown contains
silicates and graphite sheaves or spherulites (Buchwaid., 1975). Phases
\n EET96009 include silicates consisting of olivine (Fa$) and orthopy-
roxene (Fs7 to 10) intergrown with sulfides and graphite (McBride et
al.., 2000). similar in this regard t0 silicate asscmblages in the main
group and the low-Au subgroups.

The difference in Ir is even larger (2 factor ot 40) between the two
irons in the NWA468 duo, Northwest Africa NWA468 (2.21) and
Grove Mountans 98003 (2.16). These two irons aiso differ by a factor
of 4 in Ga. and the difference mGeappemmbesimillinm;nimde.
nmediffcmcescallianuuuonlclougmunkmme
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Fig. Al. Posinons of the ungrouped (5 duos. |
for classificauon: (a) Ni. (0 Coter Ax. and )
low-Au grouplcts arc shown by small symbols.

wons. The concentrauon of Niws 25% lower n NWA46K than n
GMYROO3. These srons plot close to WHH on woine diaerams and close
1o sHL. on others.

The members of the Twin City duo Santa Cathanna (3 64) and Twin
City 13.67) have very high Au contents, Om sevoral diagrams they plot
near an extrapotation of the sHH or the sHI. croups. but are anoma-
lousty high on the Ni. Cu. and Sb diagrams. fhey are composiuonally
very simlar: they sharc very tugh Ni. Sh. and Au conicnts. and differ
py only small degrees (10 to 0% in Ni. Ga. Ge. and I Buchwald
(1975) notes that Twin City and Santa Cathanna have very simiar
structures: hoth are polycrystalling ataxies in which the ongmal acnite
dJdimenstons were 2 to & cm. Buchwald | 19751 observed small silicates
in Santa Cathanna and noted that Twin City cortams what appear 1o be
licates. He did not find carmdes or grapmte in cither wron despite
claims for graphute in the nuncteenth-century hicrature

Seventeen [Unique Meteorues

In Figs. Al and } we show the posiuens of the 17 sola metconics
relauve to the ficids of the mamn group (MG) and the subgroups. In the
following discussion we compare the compositional properues to those
found in the nearcst group. Low-Au metcontes arc only compared to
the low-Au groups. high-Au meteontes 1o the high-Au groups. As with
the ahove duos. these solo irons arc discussed i order of increastng Au
contents.

Elephant Moraine EETS84300 (1.29) has the lowest Au content. if
we aceept the conclusion that the (poorly detcrmined) slopes through
the subgroup fields are roughly parallel to thosc observed in the main
group. then EET84300 could be assigned sLLM (the old IIICY; its
positions on all diagrams in Figs. 2 and 3 are consisient with it lying on
an extrapolation of sSLM to lower Au values, The reason we are not yet
willing to assign EETS84300 sLM is the large gap between its Au and
that of the nearest “normai’” member of the group, Mallahohe, 1.60

7 sulos ) 1rons are shown on the tour log X-log Au plots that are most useful
Ga. The ficlds of the main group and the 5 subgroups arc outlined. The two

mg/g Au (the anomalous sL.M Persimmon Creck. Au = 1.53 mg/g. is
<lightly closer n Au). The fact that the A0 of EET84300 is 1AB-like.
—0.50%¢. 15 alsu 10 keeping with it being closely linked to the low-Au
groups including sL.M.

Kendail County (1.40) has by far the fowest Ni content of any
meteonte 1n the IAB compiex: its Co content 1s also the jowest, though
ondy slightly tower than that n Mertzon. Both these ciements plot far
below the main group.

Elllcott (1.40) has thc next towest Au content. It is most closely
related 1o the mamn group and the siL subgroup. but has a high Ni
content and very high Co content reiative to these.

Vermiilion (1.41) is a silicatc-beaning iron with reduced (Fall.5)
olivine accounttng for 93% of the silicates. leading to its designation as
a “pyroxenc pallasite” by Boesenberg ct al. (2000). It plots just outside
the ieft end of the mamn group on our diagrams. gencnally quite near
Ellicott and EETR4300. 1t is also reasonably close 10 an extrapoiation
of SLM trends to lower Au. The A'70 of the silicates is —0.76%.
(Clayton and Mayeda, 1996). Because cxpenmental errors arc rela-
tivety high for olivine-nch samples. this is within the uncertainty of the
IAB range: the A'’O of Lueders 1s —0.68%a. Although the 6'%0 value,
2.24%e. is ~2%o lower than the lowest IAB values. olivine tends to
have lower 8'*0 than whole-rock chondritic silicates. thus the O-
isolopic composition also appears 10 be consistent with Vermillion
being closely related to the man group and the low-Au subgroups.

Yongning (1.45) is heavily weathered and. for most elements, sim-
ilar to the MG in composation. The Co content is, however, 10% lower
than that in main-group irons. We cannot exciude that this refiects
selective weathering loss of kamacite: if 5o, it would require that 10 to
15% have been removed. Our smail section has a high cohenite content. ..

Georgetown (1.51) is an unusual FeS-rich meteorite found a8 &
nnmberofsnmnweathetedmumaminingmgionofw
Ausnlia.Onmoudhgnmnplounarmemwohdmdde
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Table Al. Mcteontes anatvzed by INAA that we associale with the large sucwn ticlds Campo del Ciclo. Canyon Diablo, Odcssa. and

Toluca.

Strewn ficld

Composiuonally similar irons received under other names

Campo del Ciclo
Canyon Diablo

Odessa Honey Creck. Velarde
Toluca

Malcqueno, Santiago del Lsquero
Albuguergue. Ashtork. Bloody Basin. Camp Verde. Cottonwood Falls, Fossil Springs, Heit Township,
Houck. 1.ay Vegas. l.eventon. Mamaroncek., Moab. Pulaski County, San Luis Valley

California. Lecds. Masua. Mociczuma. Southem Arizona. Michigan

lower Au contents. lts Cu is much lower than the trend and its W and
(7a are somcwhat ahove such @ wend. and s Cu s hagher. but similar
1o that n the anomalous s1.M member persimmon Creek.

Mertzon ( 1.53) has As and Ga contents wmtlar 1o those i si1 but
has appreciably higher Ni and much tower Lo Sohd-melt parunomng
resulls 10 @ postive correlation peiween these clements. thus the ob-
werved tractionaton citectively rules out @ clone relanonship to sLL.

Oktibbeha County (1 621 has the hrghest N1 Lonient Known in an
rron metconte: Niois plotted as an upper frent i baps 2 and Ala.
Despite this very high No.the Co content s n the IAB-MG 1o sLL
range.

ata on Aswan (1.67) cover the range of the three low-Au sub-
groups. Ni and As piot in sil. Ga and Ge s M Coan si.H. The two
refractory hithophiies tollow different trends. although ir 15 relatvely
low. W plots above all the subgroups

Wau-Chu-Mu-Chin (| 681 has mgh. ~ H-hke N1 and Co contents,
but plots in the skl ficld on Ga- and As-Au diagrams. and 18 thus mo
closely rciated to any group.

The Cookeville (1.71) data plot nearest 1o the MG. but Co s very
Jow. Ni and As arc low. and Ga. e, and W ocontents arc higher than
MG values.

The Burkhala (1.71) data also plot pearest he main group but Ni.
Ge. and W arc high, Ga is low. and As very low

Mesa Verde Park (1 80) has a metallurgical suucture clusely related
10 the metat ot FFour Comers (Buchwaid. 1975). which we assign 10 the
Udei Station (US) grouplet. However. Four Comers has a igh content
ot coarse and fine silicates (c.g.. Figs. 769, 770 of Buchwald, 1975
whercas no silicates have been recogmized 10 the strucwre ot Mcsa
Verde Park (Buchwaid Fig. 1146 Four Comers 18 the most Au-nich
member ol the Udci-Station groupict. hut the Mesa Verde Park valuc
(1.64 /gy s sull 10% tigher. The Udei-Station grouplet does not
produce well-getined trends on most dragrams. With this caveat in
mind. the posisons of Mesa Verde Park in the cight diagrams n Figs.
2 and 3 arc not meonsisicnt with a rough extrapojauon of the Udei-
Station grouplet trends 0 higher Au contents. Nonetheless. because of
the differcnce n silicate contents and the compusiional gap, we think
1L best to treat Mcsa Verde Park as a scparate meteonie.

On most of the diagrams 10 Figs. and 3 San Cristobal (2.00) plots
close to an extapolation of the sl.H vends to shghtly higher Au
contents. However, its Ge content 18 hugh by a tactor of 10 and its Ga
by a factor of 5.

Most elemental concentrauons in Ventura 12.15) are simalar to those
in sH.. but the Co content 18 15% higher than the sHL trend and W is
2% higher.

Sampics of Lime Creek (2.28) are weathered and the INAA data are
old and incompicte. Nonctheless these and our published RNAA data
confirm that the Ni is much higher than sHH and sHL. and that the Ga
and Ge valucs are >2X higher than the anucipated values based on
extrapolations of sLH and sLM trends 10 the reporied Au value.

Concentrations of wo elements (As. Cu) in Quesa {2.92) are
roughly sifufar to those i sHH and sHL.: Ni is sumilar to sHH and Co
similar to sHL. However. Ga. Ge. and W arc 2X above the trends of

both these groups.A3

Origin of the Ungrouped Irons

1t does not seem worthwhile in this paper to speculate on the origin
of individual ungrouped irons. We suggest that most of them formed in
the same fashion described above for the main group: smpact-induced
melting followed by minos amounts of solid-meit segregation. Because
menmedm&mnmmcmwbcdemmmmcm

of the posiuons of one of two related irons. it is not possible to confirm
that the patiems are paraliel Lo those in the main group. in many cases
caretul petrographic studies will reveal more informatiort. Aa exampic
s the Rubin and Wasson (2002) study of NWAJ68, in which they
repont evidence indicaung that this object. which is closely reiated t0
the lodranites. lormed by the impact alteration of chondritic matees.

APPENDIX

B. PAIRING OF 1AB IRONS

We have climinaicd paired irons trom Table 2. For exampie, we
(Wasson and Quyang. 1990) have analyzed many metcocites originally
believed to be indcpendent but that are now atinbuted to Canyon
Diablo. Scveral metcontes have also been assigned to Toluca. Odessa.
and Campo dei Ciclo. These are listed in Table Al

There arc two anomalous JAB members trom castern Europe and
Russia that arc remarkably simular in composition to Morasko, sug-
gesung that they arc paired with this crater-producing iron. However,
the discovery deseription of Sceldsgen (found 94 km away) scoms quite
credible and Burgavli was found 5900 km away 1n Siberia: thus. despite
sharing unusual composiions. we feel they must be treated as inde-

¢ falls. More investigations arc warranied. including the possi-
hility that msiabeling in muscums has occurred.

Another interesung case 18 Ballinger. The data listed in Table 2 were
obtained on a small specimen in the UCLA collection. Another spec-
imen from the Amenican Museum of Natural History (AMNH) has a
different composiuoa. including 70 mg/g Ni. 85 mg/g Ga. 2.2 mg/g ir,
and 1.55 mg/g Au. 1. Blakeslce (personal communication. 2001
points out that theee arc histonical records that wndicate that Wichita
County was moved 10 1S last outdoor resung suc (a Native American
shrine) trom a locauon near Ballinger. Most of our data on the AMNH
Ballinger arc consistent with it belonging to the same ('alIAchhlu
County. but Ir is apprectably lower (1.9 pg/g) in the latter. Our data on
AMNH Ballinger arc also not (nconsistent with it being a stray from the
Canyon Diablo sucwn ficid.

Our data show that two Elephant Moraine wons EET87506 and
EET96006 are cicarly pawed. Based on discovery location and metal-
lographic cxamination. the Antarctic meteorile curators had aiready
paired EET87506 with EET807504 and EET87505. A fcw years ago
we received from C. Canut de Bon a specimen of a “new” Chilean iron
calied Ovalle from the Concepcion Museum. Our data show it to be
\dentical to the Algarabo iron meleorite.

It appears that the tiny iron previousty called Thompson Brook is a
picce of Mundrabilia. Thompson Brook is unresolvable from Mundra-
billa in terms of our siderophile data. A. Bevan (personal communica-
tion, 2000) notes that Thompson Brook is undocumented with regard to
discovery location and that its structure is consistent with it being a
piece of the Mundrabilla shower.

APPENDIX

g C. REPLICATE ANALYSES. UNPUBLISHED OR REVISED
AFTER 1986

WelistinTabchZallamlymcomplﬂedbetweenmemddI%S
and July 2001. Starting in 1986 we began using uniformly thick
smlenwmchmmﬂmmungﬁmunnlfmof

low-energy gamma rays. We dsoaddedafmmhcoummuledwm :
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able A2. List ot 280 rephuate negtron-acuvaton analyses camed out at UCLA between Jan. 1986 and July 2001.

Cr Car Ni Cu Ga Ge As Sb w Re Ir Pt Al «
Meteorie Datc (ug/g) smu/gr (maigl (ugig) (ugfg) (ue/B) (ug/g) (ne/g) (ne/8) {ng/g) (ug/p) (ue/s) (ug/s)
Alexander County R906 1) 156 ISH! 139 04 8 161 105 246 1.63 207 3.65 100 1.440
Alexander County %908 X 458 66 () 145 106 <74 118 274 1.83 %S 381 120 1.439
Algarrabo X908 h 419 X111 258 65.0 116 149 164 1.26 978 10.2 8.1 1468
Algarrabo 9001 1 44 16 96 66.3 7 147 356 1.09 812 100 8.7 1470
Algarrabo (Ovalle) Y912 2 142 14 2N 650 m4 142 314 0.95 942 9.82 89 1458
Algarrabu (Ovalie) 912 w140 ug 2KS 63.7 277 141 272 093 969 984 80 1449
Allan Hills ALHA76002 Xely7 3 141 6.4 158 %5.5 s 106 296 1.28 252 258 1.490
Allan Hills ALHAT6002 X608 27 166 h6 4 149 2.5 — 11.9 242 1.43 266 278 1.440
Allan Hills ALHA77283 X0 ix 494 “r 0 14S %2.8 97 159 307 1.19 221 229 67 1132
Allan Hills ALLHAT7283 D001 n 186 mn7 144 6 112 143 279 091 192 2.15 172 1.60
Annahetm %60l Ml 174 B s27 X4 — 139 s02 1.74 399 3140 —. 1520
Annahcim K62 0y 570 “6q %0 71 — 13.1 363 1.00 358 354 — 1556
Anvka %610 X < M) 119 S X1 176 <100 1.4 426 <008 <236 0.163 <1.6 1.565
Anoka wotl R © IR 7S 208 174 <100 198 535 0.11 W 0166 <12 1573
Anoka 4707 M 42 16y 208 192 <100 130 471 0.1 24 0.187 12 L1701
Aswan QUK 18 gl shO 117 A <0 169 — 157 <46 0243 137 1.631
Aswan 9112 21 0d N9 126 210 <100 164 — 175 <57 0255 106 1.709
Bahyn HONS M ind 7o S8 nsd4 277 168 122 0.95 254 249 5.1 1759
Hahyn 0112 M X3 N0 4 134 196 g 174 660 0.97 30 259 61 1749
Haltour owns OO 04 fRIR 31 158 62.3 w04 170 421 0.88 244 224 64 1710
Balfour owns Rol)? M X1 X314 164 <76 183 162 84 1.68 239 209 47 1.680
Baihinger (AMNH) w6l " 100 sy 122 x24 416 1306 67 {08 227 223 70 1.509
Ballinger t AMNH) X612 17 188 he R 141 %31 317 134 283 0.96 213 216 74 1.592
Halhinger (UCLA) XOOS b 160 68 Y 147 X8.3 wy 1.8 167 1.24 AU RS 49 1470
Ballinger (UCL.A 1606 26 162 WUR 149 %73 16 123 305 1.25 g 321 79 1.510
Bischtube K601 21 S 08 H 2 139 68.4 — 17.6 113 0.79 211 235 1.620
Bischiube K604 a2 06 ) 132 66.5 212 168 363 0.69 218 240 1.740
Bischtube X610 28 483 T67 138 6%.1 199 16.5 170 0.63 182 222 57 1.694
Bitburg X606 11 T T 181 546 0.1 199 183 1200 <0.15 <100 1.24 47 325

Black Mountan X604 27 474 SRY 21 u6.4 4R3 12.1 02 | 42 144 287 1.530
Black Mountain K606 19 4 5K b B 118 DAR ) 472 1.9 240 1.4 132 296 92 1.500
Bocauva 0107 176 112 X6.8 260 182 <100 DR ] R98 1.12 416 3153 63 0.840
Bogou %603 24 467 747 164 316 M2 143 120 1.15 210 173 17 1.650
Bogou R6)7 21 4 66 e 162 774 279 14.1 188 1.03 184 1.71 59 1.640
Bohumihiv. RO M 4 T 137 812 — 15.7 145 0.94 20 204 1.500
Bohumihiw, R6O3 [ 4N 726 131 749 s 150 170 0.82 0 203 1.690
Bedlivia X6l)s - 20 176 oK 4 162 ux R 1R 1.0 34 126 2 2 74 1.510
Bolivia HO0S M 1438 n72 159 IR 156 122 278 1.47 M6 2.04 ®8 1432
Burkhala o004 i 1% 100K 486 <76 431 124 632 1.73 753 732 1.3 1.930
Wurkhala 9008 st 477 9l 6 418 N3 134 12.2 677 1.47 765 .24 135  1.602
Caddo County RR(K) W47 us R 150 66.7 283 111 130 0 &8 2317 248 42 1.608
Caddo County 9008 41 i 91.0 387 .7 <300 17.3 511 1.40 IR8 2.62 109 1.60§
Campo d. Ci (Malcguena) o4 20 454 671 174 107 <200 133 450 1.49 s00 164 9.1 1.527
Campo d. Ci tMalcqueno! DS 4 166 683 149 9314 ne 117 280 113 250 23Sl 75 1537
Campo d. Ci (Sant.d.bstero) 9R10 'l 46K ns 6 132 g 00 123 237 142 419 288 77 1494

Campu d.C (B} Tac) R612 47 147 690 132 RY.7 377 108 272 1.24 s 223 67 1402
Campo 4.Ci (Sant.d.lstero) 9903 +H 483 674 133 91.2 e 1Ll 212 1.32 163 377 80 1476

Campa det Cicla K604 R 482 6.4 138 939 g2 113 288 1.32 w1 322 6.7 1.460

Canyon Ih { Albuqueryue) 0412 21 456 73143 149 X013 19 129 283 09§ 157 224 59 1.62

Canyon i (Mamaroncek) %705 iR 448 679 173 %05 w121 107 1.36 264 253 6.6 1479
480 68.2 148 %6.5 129 147 436 098 252 251 59 1.608

Canyon i (Mamaroneck) 8910 0
Canyon 11 (San fas Valley) Y06 A 470 67.2 1338 X9 47 130 263 1.03 250 246 59 1.486

Canvon D (San fus Valley) 9U0R W 48 9.6 149 81.7 283 130 238 0.97 237 2.4 6.4 - 1.520
Canyon i1 Pulask County %010 N4 67.6 159 °8.5 s 122 254 1.20 08 211 62 1492
Canyon Di Pulasks County 001 2 49l 0.8 167 x6.2 68 127 297 86 216 226 69 1.639
Carlton 8607 % se0 1320 M8 1.7 <100 233 512 <010 <10 0.080 1.700
Casey County 3604 22 4RS 755 160 827 32 140 400 1.17 152 142 1.630
Chuckwalla 9307 % 463 679 161 104 84 221 470 1.65 1850 291 93 1591
Chuckwaila 9312 6 468 L 144 953 492 110 147 294 262 74 1397
Chuckwalla 9412 R 4 51 66.0 156 100.6 R0 118 133 1.57 256 2.62 90 1441
Colfax 8601 o 522 0RO 352 555 — 18.1 563 0.55 149 177 1.650
Colfax %602 sy 8220 1040 s 537 — 17.7 513 043 123 172 1.660
Comanche (iron) 3610 53 a8 178 %12 266 185 388 091 233.860 65 1.698
Comanche (iron} §611 13 499 %68 199 798 319 175 4an 09s 219 2950 63 1883
Cookeville 8601 9 435 69.1 147 M5 — 12.6 292 107 275 238 1.620
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~ - [able A2. (Conunued)
Cr Co Ni Cu Ga Ge As Sb w Re ir Pt Au
Metconite Date (ug/g) (melg)  (nel) (upfg) uglg) (ue/g) (ugg) (ng/g) (ue/B) (npfg) (up/g) (ug/e) (1e/g)
Cookeville %603 14 3110 he % 130 NR9Y 123 140 00 116 250 246 1.810
Cuookeville 3612 LR 42 G 167 N9 we 121 a1 130 216 254 89 1.699
Coolac 604 s 457 06 (s 925 179 1t 246 145 47 286 1.470
Coolac R60S e 448 I 163 948 51 110 106 138 251 2.82 8.1 1.500
Coprape K602 g1 472 IR 167 704 - 14.3 70 098 284 302 1.661
Dayton 9511 12 AR 178 148 <0 <100 260 97 024 <55 0.027 14 1741
Dayton w601 IR 16K 124 148 <190 134 770 <0.16 <86 0.028 <3. 1.730
Deetfonten K603 28 i NS 17 176 ®99 120 151 Wy 5.67 250 1.62 38 1.680
Decltonen R607 17 182 st 136 702 176 110 187 195 154 144 49 145
Peelfoniem X6l 19 <Y 8 171 vy 2 135 176 459 1.45 135 1.74 52 1.780
Donghng HES 17 1x7 T 16l X64 139 ixS 103 092 143 179 40 1510
Puct Hill (1873 %614 1 378 At b 247 1028 131 121 285 1.47 188 423 10.1 - 1455
Duct Hill (18T 906 20 161 e 4 sy WIS 00 121 99 176 07 4.35 79 143
Duel Hill (87T ui2 w46 no Y 178 992 157 17 1.47 10 423 9.1 1.428
Dungannon X612 27 A NS "1 THEERAR 278 123 174 096 199 2.61 56 1427
{ungannon X7 b 434 ns 2 117 NS6 g 1206 70 109 127 252 46 1.540
I lephant Mor 1 TR ROUR W AN N7 s 09 281 147 306 081 239 288 88 1.723
I-iephant Mor 11 T83323 %610 o 17K Y] 2y 768 66 166 43 0719 276 284 62 1.742
Llephant Mor 121 T84300 o8 1w 2w o 1x§ 90 104 133 120 0M 15§ L.70 31 1241
i-Jephant Mor -1 THA00 X610 MY 07 o AN 0wy <100 139 412 0.30 171 1.96 <32 1330
1.icphant Mor 11 TRTSO6 AR 18 RN %2 gy 226 19 9.1 274 036 67 06 59 1949
J:dephant Mor 11 TRTS06 GO0 36 N o 1T 1l 145 294 2770 0.42 41 295 101 1.964
V-lcphant Mor B TO OO0R IR M) 2K 6 g 22 <150 291 2680 0.38 07 A2 51 1980
I:fephant Mor 11 TOKM 000 0 < AL s 226 116 299 2576 0.26 vy 312 57 2033
Yillicott w601 B3 <02 AR ] {75 61.5 — 14.1 135 141 128 148 1.430
E:llicou %602 ik 4N0 178 615 — 13.1 242 1.59 hU) B Y) 1.380
l‘afield. OH KEO4 MU 69 ) 150 790 137 129 298 1.02 181 1.80 61 1568
faicticid, OH AK06 1% 481 ne 4 137 2.4 66 133 2315 1.04 140 V.77 55 1.506
Follinge %611 1l <08 1714 174 186 <100 260 052 <008 <27 0.108 <11 1.720
t-ollinge K6l2 1R S 96 1791 68 190 <100 26.7 7724 <006 <21 0.104 1.680
Four Comers 2612 40 <08 X%.8 62 477 188 156 ss0  0.57 205 246 55 1.647
['our Comers X705 10 ol a4 57 SLT 146 169 450 0.65 258 2.39 52 1.628
I'reda R709 " 6 W0 226 662 218 <100 298 1313 <094 <8l 0019 <23 1.900
f'reda 3801 10 619 217 679 208 <100 10.3 1090 <08 <30 0012 <183 1890
(jahanna 412 AR Ik 67 Y 165 RS3 113 137 262 094 154 182 75  1.591
(;ahanna 9503 1x 497 0.7 |82 RSS — 12.5 430 098 7 191 45 1.603
Garden Head 0101 B 601 16%.4 wa 103 <100 221 g 013 <30 0.135 1.8 234
(iay Gulch 0101 w74 1415 261 616 <125 254 11§ 051 <s0 0.100 3.5 247
CGeorgetown 906 20 <12 ol w7 S8 51 184 170 072 <48 0.251 16 1.518
(Georgetown 9307 430 36l R, 77 456 — 142 072 <SS 0.210 19 1322
Cieorgetown 0105 tell 16ad w17 162 590 208 160 173 050 12 0240 26 LSN
Gladstone tiron) 2602 tX 4 R0 o 0 149 9OR —_ 11.2 e 158 118 3106 1.480
Guoose fake K906 16 48 X5 8 %0 684 63 163 414 088 1 2.14 59 1.660
Goose Lake AR08 e 4Nt NS S 160 709 8§ 163 395 179 210 215 57 1.638
Goose Lake 2910 0 4 XX R4 167 688 251 16.6 165 091 4 217 62 1611
(Grosvenor Min GROYSS1 9903 22 4 K4S %2.0 18 719 258 16.1 173 048 186 2.00 5.8 1722
Grosvenor Min GROYSSIL 9904 16 388 X1.5 1ys 736 242 165 323 084 186 197 70 1.667
Grove Mountains gR003 0002 1 694 1448 175 6.75 <100 218 408 062 <40 0.070 s8 211
Grove Mountains 9R003 0004 1 6 8d 1478 166 716 <ioo 218 400 058 <66 0.065 59 221
Guangxt Coal Minc 9808 4 46} 691 158 853 410 134 132 098 210 186 60 1.558
Guangxt Coal Mine 9903 AL 722 173 839 256 136 a7t 1.06 165 1.83 46 1.608
Giun Creek 9905 12§07 %2.1 108 222 < 100 108 <200 027 <31 0.061 313 1302
Harlowtown %610 b %7 %68 w4 611 180 170 353 0.63 260 2.73 67 1.599
Hassi-Jckna 8611 17 <oy 1039 180 232 < 100 272 a6 020 <32 0212 1.6 230
Hassi-Jckna 8612 I 837 1127 174 219 < 100 259 26s 022 <19 0.263 14 250
Idaho 8603 4 466 721 149 845 112 135 133 1.08 233 2.62 17 1.550
1daho 8604 12 468 76 156 820 65 129 274 103 258 250 95 1533
Idaho 8806 23 468 728 1s6 86.0 153 132 259 106 264 2.51 56 1.546
ltapuranga 8610 13 4068 63.7 120 940 o8 11.5 289 1.27 220 254 9.7 1480
Jaralito §604 1 40 70.3 150 858 129 104 280 1.26 152 147 1.500
lenkins 8603 18 164 68.4 1so 871 310 126 170 102 270 212 1.570
Jenkins 3604 3 159 140 158 90.0 i42 131 119 1.26 25§ 223 1.640
Jenny's Creck 8608 2 465 721 — — — — W — — 256 g4 1728
Jenny's Creek 8611 14 474 61.6 149 852 04 141 392 101 240 2.36 s8 154
Jenny's Creek 8704 19 471 65.6 133 768 210 131 363 1.26 303 240 57 1540
(continued)
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Cr Co Ni Cu Ga Ge As Sb w Re Ir Pt A
Meteonte Date (ug/g) (mesg) (me/g)  (uglg) (ug/g) (uglg) (1g/g) (ng/g) (ug/g) (ng/g) (ug/g) (ug/s) (ne/p)
Kaalijarv 9412 28 4 41 R 168 R2.1 31 170 455 1.00 22 3.07 80 1712
Kaalijarv 9503 17 470 TSs 153 78.2 —_ 18.0 690 0.87 266 3.00 <36 1.641
Karee Kloof R608 45 476 8 228 817 Wy 147 440 1.18 102 1.4 90 1.539
Karee Kloof R607 1 464 PR 227 758 274 140 480 .31 92 1.26 6.5 1.580
Kendall County R611 189 194 76 154 766 360 10.5 721 093 243 218 93 1372
l.a Serena 9003 % 378 770 199 70.6 190 16.1 380 0.66 30 0.549 32 1.690
1.a Serena 9004 s 477 3 162 704 246 156 362 066 <48 0.547 314 1.640
Lamesa R607 14 SS9 1wo0 e 129 < 100 249 sg8  <0.04 *300048 <06 1.690
[.andes w604 433 14 ~64 635 892 487 106 238 1.39 293 4.24 1.450
Landes T AT od 7 119 82.6 485 918 274 1.35 416 4.23 128 1392
Lews Cliff LEW 86540 RX90R 12 93 1871 159 431 <100 296 37 <0.08 <30 0.044 <13 1806
.ewis CLff LEW K6540 2001 12 [N 1787 498 129 <100 279 730  <0.06 <21 0.043 20 1.820
{.anville 0108 il 616 156 6 276 230 <100 3LS5 136 0.11 <37 0.018 1.6 3.06
I.inwood %602 14 447 ~ 0 117 8B.S — 11.8 N 1.16 288 2.88 1.484
Livingston I'N X804 11 112 T3S 297 o8 288 134 239 0.82 90 0.812 42 1431
lavingston IN 3806 9 114 67 6 647 258 114 S48 0.84 78 0.783 52 1391
{.ueders 09412 429 218 04 g R0.8 64 121 108 1.28 273 391 65 1519
[.ucders 4503 IRR 1588 07 05 TS 372 122 R0 1.18 300 3.87 6.6 1.494
Magnesia %602 22 <18 108.Q 256 143 <100 240 224 0.22 <48 0.140 n
Magura %602 2 . 87 3 1318 983 — 10.5 172 1.66 347 371 1.445
Malwahohe 9103 14 R 1019 172 153 <100 19.1 482 0.16 <0 0.180 1.2 1623
Maltahohe 9204 N 17 1283 154 2217 <100 193 0.23 34 0.161 25 1321
Maverthorpe 603 Al 476 “ 4 119 805 261 155 120 1.62 240 215 31 1.620
Mayerthorpe %604 AR A £ 723 138 773 132 147 105 0.94 229 222 1.660
Mazapi R60S <25 296 X7 R 22 7.0 228 170 408 0.77 389 549 1.700
Mazapil 0100 17 490 %92 192 575 328 176 154 0.64 195 5.69 10.1 1.689
Mertzon X602 0 419 W0 668 654 — 12.5 560 0.90 180 2.30 1.540
Mesa Verde Park R612 22 177 126.0 439 s4.0 128 165 502 0.58 226 2.11 43 1993
Mesa Verde Park 8705 13 02 108.6 00 588 184 167 436 0.50 293 221 54 1703
Misteca 2612 9t s 81 337 172 68.2 356 14.1 440 0.80 305 316 71 1872
Misteca 3608 27 S62 RR.2 166 70.7 152 193 522 0.70 279 277 30 207
Misteca 8607 0N 49 %03 166 660 228 174 549 0.73 208 205 2.46
Misteca 8608 22 <74 908 172 73.6 178 210 s57 0.73 313 275 213
Misteca 8612 v S S8 x23 167 66.6 160 183 433 0.78 318 3.18 71 1870
Momitl X608 |4 4 X0 54.5 M9 670 11 16 438 0.93 198 2.05 79 1.640
Mormnii R607 1% 478 T9s 254 616 260 151 419 09 188 185 65 1.640
Mount Avhit 9312 22 4492 "2 125 R0.1 P8 155 0.79 280 2.26 54 1.632
Mount Aylitl 9412 hh ERA Al 4 142 RS9 155 159 247 0.92 228 221 84 1.633
Mount Howe HOWERAOA 2008 sun 43 a8l IRY 24 <100 119 093 60 4.67 88 1.234
Mount Howe HOWRRA03 9103 OR 416 %41 74 217 <100 119 248 0.99 29 472 71 1.268
Mundratilla X601 124 497 R 16 606 — 16.7 421 0.53 115 0910 1.610
Mungindi R704 15 s st 121 253 18.2 <33 225 166 <007 76 0590 <10 1720
Mungind: 8709 14 S48 120 243 18.7 <S50 222 96 <007 <410 0.575 1.5 1.610
Nagy-Vazsony R006 21 4u4 D4 189 725 263 182 122 0.88 282 225 59 1730
Nagy- Vassony X910 13 S08 N2§  1as 783 R4 182 119 075 271 279 63 1841
Nantan %605 20 469 0.2 149 331 321 130 uy 1.00 158 1.75 6.3 1.490
Neptune Mountains 8601 24 478 70.1 149 770 —_ 14.1 290 0.90 162 221 1.590
Neptune Mountains 2603 22 470 740 48 794 254 147 240 n.92 240 2.18 16 1.660
New beipag 2602 28 464 AS S 150 Y36 — 1.3 202 1.44 280 297 1.422
Niagara 8902 il s34 775 164 727 W4 1S 77 0.78 293 294 54 1.781
Niagara 8906 17 4 85 x0.2 150 719 291 165 378 0.82 245 2.50 6.1 1.745
North West Afnica NWA176 001 523 414 R6.6 118 17.7 137 9.12 133 1.02 159 3.56 78 0.853
North West Atrica NWAL176 0101 17 414 <54 281 19.7 439 972 66 1.29 51 3.67 92 0.870
North West Alrica NWA468 (004 s T2 1v.2 282 33 124 229 421 1).62 a2 2.80 4 2.25
North Wcest Alnca NWA468 0006 45 716 117.8 243 306 109 227 “i 0.67 270 2.70 319 217
Ocotillo 9008 19 469 70.1 112 741 300 139 132 0.84 302 2.60 49 1.650
Ocoullo 9103 26 460 71.6 120 704 276 135 126 0.78 213 2.6l 60 1.679
Ogallala 9312 M 476 %0.8 155  68.1 309 157 373 1.02 310 242 66 1.629
Ogallala 9412 R} 492 783 142 694 292 16.1 308 1.12 212 243 48 1.643
Oscuro Mountans 8606 25 416 70.3 157 766 117 118 265 1.24 268 295 54 1.500
Osseo 8606 23 4.6l 67.1 161 924 463 11.1 287 1.62 610 6.04 1.560
QOzren 9312 27 480 693 134 796 331 142 1.10 194 261 40 1.569
Ozren 9412 W 469 72.4 144 774 168 139 230 0.94 200 2.58 5.6 1.602
Pan de Azucar 8603 4 470 67.7 166 80.6 332 121 30 1.11 290 2.75 36 1.500
Pan de Azucar 8606 32 470 719 176 816 386 125 294 1.17 318 291 1.560

(continued)
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3

Cr Co Ni Cu Ga (e AS Sb w Re Ir Pt Aun
Meteonie Date (pefg) tmesgy (me/g) (ueig) (uelg) (ug/g) (pg/g) (ng/g) (up/g) (ng/g) (up/g) (ug/g) (18/8)
Pecora Escarp PCAY1003 406 Q2 16l n149 134 TR6 ur 128 240 109 335 1363 58 1408
Pecora d:scarp PCAV1003 907 b 161 6 162 86.5 — 131 610 1.13 210 3.59 59 1.599
Pinc River K607 s 449 w0S§ 153 S 177 121 80 066 242 1301 S0 1.360
Pine River A610 ¥ 3 X6 %03 211 753 205 160 31 068 285 304 53 1.637
Pine River X704 4 184 a3 127 6us 254 154 413 070 310 306 46 1.620
Pitts X607 14 sus 122 w4 4T 102 198 926 039 132 117 31 1.780
Pitts 3610 P4 <47 13 Wy IS8 o4 206 896 0.30 83 127 <19 1.660
Pittsbure 2608 0 162 710 145 921 174 146 22 1.13 269 2.12 75 1.640
Pittsburg X610 12 171 618 120 424 379 14.6 260 1.03 200 213 54 - 1.621
Pooposo xe07 H 464 “R 1 IS8 789 Ko I 324 1.06 235 2.68 1.510
Purgatory Peak AT7006 X700 11 16X RN 154 792 93 144 102 0.92 204 232 55 1.618
Purgatory Peak A77006 X010 AR 4710 00 s 770 272 147 287 093 223 226 54  1.507
Quesa 0108 iT A 1244 164 W2 <100 3.0 117 053 <35 0087 <15 303
Redficlds XKO4 AN 487 tR 4 u7 3R <100 155 - 108 0.54 % 1.016 3.1 183
Redticlds SROG BN 19t a4 313 401 107 15.5 108 0.57 128 0955 2.6 1.841
Redicids XXM <" 18 ne6 7 u) 189 100 148 151 0.49 101 0932 <19 L1809
Riflc xo03 N 169 )6 117 RS WNR 146 310 0.81 230 1940 33 1.640
Rifle w2 12 4T o9 | 128 715 288 142 42 085S 204 1936 58 1.566
Rifle MM 2= 168 t12 13 77.1 276 14§ 319 0.85 223 1959 58 1586
Rasano X602 24 166 A8 149  R73 — 1.8 237 1.09 196 1.88 1.554
San Cristobal X704 1" n22 M4 93 111 <100 289 2168 <009 <33 0324 <29 2050
San Criswabal 9412 6 n 02 2552 183 11.s <120 300 2141 0.18 <43 0334 23 1.947
Santa Cathanna X601 i 614 1750 139R <01 <100 8.2 2670 028 <132 0030 3.65
Sardis Xt 9 166 ond 4 136 96.2 — 12.0 251 1.29 250 2.02 1.480
Sardis X603 17 156 70.1 140 100 472 122 200 1.31 280 2.00 5.7 1.560
Sarepta X602 12 468 AS R 147 998 — 1.6 IR7 1.36 415 4.36 1.461-
Scligman X611 18 4 50 67§ 159 904 487 118 132 1.26 94 327 72 1442
Scymowur X602 1 464 681 160 R7.1 —_ 12.8 204 1.01 202 1.73 1.580
Shrewsbury %601 20 1494 48 18 619 —_ 17.2 431 0s9 251 281 1.720
Shrewshury X603 13 4 K8 X6.8 215 640 160 173 430 0.62 270 2.74 32 1.780
Silver Crown K603 26 161 697 143 834 3120 126 100 1.02 300 2.76 1.630
Silver Crown X604 A 461 754 142 R48 88 129 323 1.00 281 28§ 1.690
Smithwiile %612 2t 460 70.8 156 875 329 133 161 0.86 215 191 5.7 1570
Soledade %610 20 170 5% 3 130 96.2 vy 11.2 290 1.35 378 391 83 1470
Soledade R611 A 443 08 164 101 450 110 151 1.50 407 388 110 1460
Sorou XRO0 [ 64X 1316 kA2 129 <100 239 378 <0.16 <24 0006 <09 1.566
Surpnse Nprings 9112 i 478 X3 191 654 221 143 00 072 240 236 46 1.686
Surpnse Springs 9312 Ty 199 76 s 712 28§ 176 RS (.84 44 2.7 46 1.621
azewell X612 i3 Sl 1701 167 170 <100 264 730 <0.04 <14 0094 <27 1.680
Thicl Mountatns 11191725 yine 22 163 4.3 170 754 243 132 502 1.04 183 3.68 7.8 1518
‘Thicl Mountains FTI91725 07 1xS 176 768 178 718 —_ 12.2 480 1.00 210 365 48 1.542
Thompson Brook X704 N S03 76.5 136 597 184 17.0 435 0.62 109 1.04 43 1.660
Teluca Nueva XX04 o4 4 %9 9 223 558 201 157 305 0.66 188 .69 44 1.632
Foluca Nucva RRD6 T 477 x4 4 X7 60.6 218 153 347 0.69 166 1.57 52 1.726
Twin City 1] N 96 W62 1184 438 <100 2391 2240 007 <77 0021 22 364
Udei Stauon %611 S8 4 X7 BLE 256 63.8 184 151 607 0.59 148 0.687 3.6 1.563
Uruacu 9908 A 368 647 148 910 48 118 251 1.26 322 336 3.7 1472
Uruacu 9909 A 167 638 142 8R3 170 114 290 1.25 132 AW 89 1444
Vermilhion ysil 20 4 %6 76.4 121 479 140 133 <200 060 234 202 33 1446
Vermathion 9503 6l 189 s 123 444 — 12.7 <500 057 240 190 <20 1383
Victona West 3709 13 S70 1256 157 163 <100 28.9 420 020 <22 0035 28 2814
Waldron Ridec 9003 W 471 778 261 781 297 117 270 102 220 2.22 64 1.487
Waldron Ridge Y008 7 460 xl.4 91 779 56 123 130 514 156 2.2 66 1.504
Waterviiic 3601 M3 178 76.3 151 65.6 — 15.5 432 0.68 41 038 —_ 1.604
Watervatic 0105 <7 489 773 154 714 204 164 300 0.79 30 0373 31 1.681
Wedderburm 0107 10 612 2320 529 141 <100 327 1190 <0.09 0.058 24 1997
Wolsey 9103 st 4.57 66.1 121 853 428 992 224 1.51 408 4.79 98 1378
Wolsey 92104 s 447 66.2 153 100 489 110 292 1.61 546 493 10.7 1.536
Woandbine 8606 101 554 97.5 163 348 140 182 40 074 244 202 60 1520
Woodbine 8607 <0 <30 92.6 171 360 120 174 505 047 173 193 47 1700
Wu-Chu-Mu-Chin 9808 10 590 225.1 337 466 1t 203 345 0.64 263 2.68 68 1704
Wu-Chu-Mu-Chun 9806 N 297 2183 764  49.7 248 217 750 087 260 2.59 6.3 1.658
Yenbermne 8604 23 4.64 73.8 164 843 324 127 282 1.09 370 349 1.550
Yenbeme 8605 4.79 67.5 153 808 299 124 451 097 278 352 s.7 1520
0101 43 174 63.3 151 89.1 821 9.66 218 217 426 424 112 1428
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Cr o Nt Cu Ga e As Sb w Re Ic Pt Au

Mcteonie Pate  tugrg) nmEpy cmeg) uwel Lpefg) ugdg) (wplg)  (ne/g) (ugfg) (ngig) (ng/g) (ug/g) (ug/g)
Youndegin (INOOLYY R601 1A PRI ~1 2 126 ~27 — 12.7 258 1.18 213 2.23 1.400
Youndegin (INOOTY) X608 T 188 ) 16y bUR | 16 138 97 1.13 218 11 51 1550
Youndegmn (IN116T) %608 1 de2 ovd 161 a4 S0 127 W06 107 12 209 52 1500
Youndegin (INT168) X608 N SR TR 1< N Wl 1R 401 0.99 211 217 59 1.680
Youndegin {WAM) X704 N 166 Hh Y 141 514 4 122 258 1.06 244 2.08 47 1490
Youndegin (WAM) %708 N 162 nX R 146 X116 w128 181 1.06 188 2.27 6.4 1.565
Zalfra SO04 1 49 T 64D R 221 15.2 123 0.73 <33 0.06 1.670
Zagora <ROL 36 108 ix 7 199 Al 4 <240 11K 136 1.02 231 2.58 70 1417
/agora XX i 172 6 LAR "7 289 15.8 368 0.77 295 2.87 6.2 1.787
Zagora ot i 1t ) 2%% "2 127 164 97 087 271 293 60 1749
/Z.apaliname TN 3 1.8 A X AT 9 RE+3 12,8 2951 1.20 196 1.81 6.2 1.49%
Zapahname 0006 - 10 s 122 x04 M 1t 218 1.33 207 1.82 55 1436
v N ; Lo R (IR Y 79 111 154 111 213 210 68 149
Vav; oy 1.0 nA Y 142 \73 124 102 180 1.29 207 203 69 1423







